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GENERAL INTRODUCTION 
Leptospira spp. belong to the order Spirochaetales, 
family Leptospiraceae which is divided into the genera 
Leptonema and Leptospira (45). The genus Leptospira is 
divided into 10 species, of which L. interrogans (sensu 
stricto), L. borgpetersenii, L. santarosai, L. noguchii, L. 
weilii, L. kirschnerii, and L. inadai are parasitic 
leptospires. Leptospira biflexa, L. meyeri, and L. wolbachii 
are saprophytic leptospires (94, 95) . 
Parasitic leptospires are the etiologic agents of 
leptospirosis, which is one of the most common spirochetal 
infections in humans and animals around the world (25). Human 
leptospirosis causes a wide range of symptoms from a flu-like 
disease to a severe meningitis or nephritis which may be fatal 
(25, 35). Leptospirosis is common among dairy and abattoir 
workers. Besides public health aspects, leptospirosis in 
domestic animals causes economic losses are due to animal 
deaths, abortions, and treatment costs. The high prevalence 
of the disease in domestic animals is probably due to the 
existence of chronic carriers and the absence of effective 
vaccines (12). 
Little information is currently available about the 
pathogenic factors involved in leptospiral infections, partly 
due to the lack of information about the molecular biology of 
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spirochetes. The absence of any known mechanism of 
spirochetal genetic exchange, has hampered progress using 
genetic techniques. 
The unique characteristics of spirochetes, helical shape 
and motility, are probably adapted for swimming in highly 
viscous environments (48, 53). Such properties may allow 
spirochetes to penetrate mucosal membranes and possibly evade 
some of the mechanisms of host immunity (53). 
Motility of spirochetes is induced by rotation of 
flagella located in the periplasmic space (16). Periplasmic 
flagella (PF), also known as axial filaments, or endoflagella, 
are complex structures formed by distinct groups of proteins 
whose functions are still unclear (14, 20, 51, 73). 
The objective of the present investigation was to study 
some of the characteristics of PF proteins and PF genes. 
Information provided in this research expands the present 
knowledge about the molecular structure of leptospiral PF. 
Also, it may provide information useful for elucidating 
mechanisms of leptospiral host invasion. 
Dissertation Format 
Due to the lack of information about spirochetal PF and 
motility, this general introduction contains complementary 
information about bacterial flagella and chemotaxis. It also 
discusses some of the characteristics in which spirochetes may 
differ from other bacteria. 
Following the General Introduction are two papers 
prepared for publication. The first paper comprises a 
manuscript published in the Journal of Bacteriology entitled 
"Characterization of the Periplasmic Flagellum Proteins of 
Leptospira interrogans." The experimental data of this 
manuscript provides information about the leptospiral PF 
structure, PF proteins structural location, and comparison of 
the amino acid sequences of 2 leptospiral PF proteins to those 
of other spirochetal PF proteins. The second paper is a 
manuscript about the cloning and molecular characterization of 
one of the PF associated protein genes. A general discussion 
is included after the second paper, followed by appendices 
which contain figures (Appendix A) and additional experimental 
details (Appendix B) that may aid in interpreting the data. 
The abbreviations and genetic nomenclature used are consistent 
with those of the American Society for Microbiology format. 
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LITERATURE REVIEW 
Structure of the Bacterial Flagella 
Most bacterial flagella are external organelles composed 
of a helical filament, hook, basal body, insertional discs, 
flagellar tip cap, basal body cap and a variety of proteins 
that form the flagellar motor (22, 23, 42, 62, 86). 
Flagellar filament The filament is a polymer of one 
or more proteins called flagellins. Flagellins from distinct 
bacterial genera exhibit some degree of amino acid sequence 
homology particularly at the termini (65, 71, 73, 78). The 
two termini of the flagellin are thought to be required for 
polymerization, during which both termini adopt an alpha-helix 
configuration and form the central tunnel of the flagella (2, 
40, 57, 65, 71). The molecular mass of flagellins range from 
30- to 60-kilodaltons (kDa)(22, 62). 
Assembly of the flagellar filament is a spontaneous event 
(62). Flagellar filaments can be depolymerized by heat or 
acid treatment and reassembled when the depolymerizing factor 
is eliminated (22, 62). Unlike other exported proteins, 
flagellins are exported to the bacterial exterior without a 
signal sequence (57, 62). Instead, amino- and possibly 
carboxyl-terminal sequences are recognized on the cytoplasmic 
side of the flagellar basal body, and are transported through 
the central tunnel of the flagella to polymerize at the distal 
tip of the flagellar filament (Fig. 1) (2, 40, 57, 62). 
In this model, amino and carboxyl termini are located 
internally and are required for flagellin transport and 
flagellin polymerization. By changing only amino acids in the 
middle of the flagellin sequence, Salmonella spp. are able to 
change the external appearance of the flagella, without 
affecting the flagellin export and assembly (22, 62, 65). 
Bacteria adapted to swim in viscous environments such as 
Rhizobium spp (30, 81), Campylobacter jejuni (33), 
Helicobacter pylori (58), Caulobacter crescentus (93), and 
others, have more than one flagellin in the same filament. 
These bacteria possess complex flagella. Different flagellins 
form some stretches of the flagella in Caulobacter and 
Campylobacter (33, 91, 93). In other cases, two flagellins 
form heterodimers along the flagellar filament (81). 
Spirochetal PF are also complex structures composed of a 
sheath and core (14, 20, 51, 55, 73). In Leptospira and 
Serpulina, two sheaths have been described (55, 72). The 
spirochetal PF sheath is formed by a distinct group of 
proteins (PF class A proteins) which do not share homology 
with flagellins and contain signal sequences at the amino 
terminus (15, 44, 54, 79). The PF core is formed by multiple 
proteins (class B proteins) which share similarity to 
eubacterial flagellins and lack signal sequences (18, 73, 78, 
79). Therefore it is possible that PF core proteins, as 
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eubacterial flagellin, are transported to the periplasmic 
space through a flagellar tunnel (78). 
Flagellar hook The flagellar hook is another 
polymeric structure that works as a flexible joint connecting 
the flagellar filament with the basal bodies (10, 22, 62). 
Studies of bacterial flagella compliance suggest that the hook 
is more elastic than the flagellar filament (10). The 
relative molecular masses for Escherichia coli and Bacillus 
subtilis hook protein are 42 and 33.5 kDa, respectively (22, 
62). A treponemal hook protein seems to share amino acid 
sequence homology with hook proteins of Salmonella spp (59). 
In Salmonella typhimurium there are 3 hook-associated 
proteins MAPI, HAP2, and HAP3 with molecular masses of 59-, 
48-, and 31-kDa, respectively (22, 41, 42, 62). MAPI and HAP3 
are located at the junction of the flagellar filament and the 
hook, while the HAP2 is thought to be located at the tip of 
the flagellar filament, forming a cap; which also may prevent 
diffusion of flagellins away from the cell before being 
polymerized (41, 42) (Fig. 1). 
Basal bodv The basal body is a structure consisting 
of a rod, a variable number of discs, a basal body, dome and a 
cap (22, 23, 62). The number of discs depends on the number 
of structures the flagella has to extend through. In gram-
negative bacteria four discs are observed; two of the discs, L 
and P, are associated with the outer membrane and 
Fig. 1. Flagellar structure in Escherichia coli. The 
export channel in the flagellar core is bordered 
by the pair of pale stippled lines. The figure 
was reproduced from M. D. Manson (65). 
FliD (filament cap, flagellin assembly) 
FIgBCFG 
(rod, transmission shaft) 
FliC (filament, helical propeller) 
exterior 
FIgL (hook-filament junction. 
FIgK adaptor proteins) 
FIgE (hook, universal joint) 
f 9^lgl (L-P ring complex, bushing) 
t^otAB 
(motor rotation) 
FliGMN 
(motor rotation, switching) 
outer membrane 
periplasm 
cell membrane 
FliF (M ring, 
mounting plate) 
(export apparatus) 
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peptidoglycan, respectively, while discs S and M are 
associated with the inner membrane (22, 62, 65). Some gram-
negative bacteria such as C. crescentus, have 5 discs (22). 
In gram-positive bacteria, there are only two discs S and M 
(22, 65). In Leptospira, 4 to 5 discs are described (72). 
In S. typhimurium, 6 proteins have been associated with 
the basal body (65-, 38-, 32-, 30-, 27-, and 16-kDa). In S. 
typhimurium and E. coli 38- to 40- and 26-kDa proteins 
correspond to P and L discs, respectively (46). A 65-kDa 
protein is thought to form the M disc in S. typhimurium (86). 
Disc proteins contain signal sequences to be exported from the 
cytoplasm (86). 
Motor proteins There are two proteins called Mot A 
and Mot B which are required for flagellar rotation. These 
proteins are not considered to be part of the basal body and 
they are not required for flagellar assembly (62, 65). It has 
been suggested that these proteins form a circle of 10-12 
force-generating-units which interact with the switch proteins 
(62, 65). 
Switch proteins Switch proteins are at the 
cytoplasmic face of the M-ring and are named because of their 
importance in switching the direction of the flagellar 
rotation (28, 62, 77). The switch proteins are 
FlaBIlE/FlaAII.2s, FlaAIlE/FlaQs, and MotOe/FlaNg or FliM, FliN 
and FliG proteins (subscripts E and S refer to E. coli and S. 
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typhimurium respectively) (62, 65). In B. subtilis, the FliY 
protein shares homology with both FliN and FliM, and has been 
identified as the flagellar switch (7). Switch proteins are 
required for flagellar assembly (62, 65). They are considered 
part of the flagellar basal body and may interact with MotA, 
MotB, CheY, and CheZ (62, 65). 
Control of Expression of Flagellar Genes 
Flagellar (fla) and chemotactic genes are typically 
clustered in E. coli and S. typhimurium (62). In bacteria 
with complex flagella, the flagellin genes are also clustered 
(6, 18, 33, 56, 75, 81). However, in some bacteria such as C. 
crescentus, two flagellins have been found to be genetically 
unlinked (84). In T. pallidum, two flagellin genes (flaBl and 
flaB3) are 277 base pairs apart from each other, but flaB2 was 
located 4,000 bases apart from the former two (18). 
Synthesis of the flagella is metabolically expensive. 
The assembly of flagella requires sequential synthesis of 
several proteins. For the flagellin subunits to polymerize, 
the basal body and hook must have been previously formed (62). 
Expression of flagellin before formation of the basal body and 
hook may lead to harmful accumulation of flagellin in the 
cytoplasm. 
The expression system of flagella forms a regulon, which 
is activated by a master regulatory operon (flaB/flal in E. 
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coli and flaK/flaE in S. typhimurium) (62, 65). These opérons 
are positively regulated by a cyclic AMP-CAP protein complex. 
In E. coli, flaB and flal control flaD, flaU, and the hook-
basal body operon, and provides a second line of control (62, 
65). Expression of flaD^ positively regulates expression of 
the hook associated protein (HAP) operon {flabC, flaS, flaT), 
flagellin operon (flaZ), and motility/chemotaxis operon (motA, 
motB, cheAf and cheW) (62, 65). Expression of flaZ activates 
hag^ expression. The flaU product, together with products of 
the hook-basal body operon, negatively regulate the HAP, 
flagellin, and motility/chemotaxis operon (62). 
Most of the regulatory mechanisms controlling flagella 
synthesis are not very well understood. Flagellar and 
chemotactic protein genes are preceded by promoter sequences 
which are not recognized by predominant RNA polymerase sigma 
factors. Instead, these genes are recognized by RNA 
polymerases containing an alternative sigma subunit. Thus, 
some of the flagellar and chemotaxis related genes may be 
transcriptionally regulated (36). In this model, the 
alternative RNA polymerase sigma subunit {E. coli it is 
and in Bacillus subtilis it is the a") (36, 69) binds promoter 
sequences of a group of genes and allows them to be 
transcribed. Similar promoter sequences have been described 
in Rhizobium meliloti (6), Campylobacter coli (33), C. jejuni 
(75), and T. pallidum (19, 78). Unexpected exceptions are the 
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promoters of the B. burgdorferi flagellin gene and PF Class A 
protein genes of T. pallidum and S. hyodysenteriae which have 
E. coli consensus-like promoters (32, 43, 54). 
Another type of regulation identified in E. coli is an 
anti-a^® (FlgM) protein which down regulates a^®-RNA polymerase 
activity by binding to it (76). Finally, heat shock proteins 
DnaK, DnaJ, and GrpE are also required for expression of E. 
coli flagella (85) . Presumably, the purpose of these complex 
controls is to assemble one part of the flagellum at a time. 
The first structure to be assembled is the M-ring and 
structural complexity increases from the proximal to the 
distal end of the flagellum (62). 
Bacterial Motility 
There are two types of flagellar movement seen in 
flagellated bacteria. The first type of movement is a 
clockwise (CW) flagellar rotation which causes the bacterial 
cell to tumble without translational movement (63, 65, 86). 
The second is a counter clockwise (CCW) flagellar rotation. 
This rotation produces a helical wave that travels from the 
proximal to the distal end of the flagellar filament, and is 
responsible for translational motion (63, 65, 86). 
Spirochetal PF also rotate (29). However, models of 
flagellar-mediated motility described for many bacteria may 
not be applicable to motility of spirochetes. In spirochetes. 
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the flagella are in the periplasmic space which prevents 
direct interaction of the flagella with the external 
environment. Instead, rotation of periplasmic flagella 
produces a rotation of the helical protoplasmic cylinder (4, 
5, 29). Like external flagella, CCW rotation of one of the PF 
initiates translational movement of the cell in the 
corresponding direction. However for unidirectional movement 
to occur, simultaneous CW rotation of the PF at the lagging 
end is required (4, 5, 26, 29). In this model, CCW rotation 
of one PF causes the cell cylinder to rotate in the CW 
direction (4, 5, 17, 26). In a low viscosity media, 
leptospiral PF rotation propagates a helical wave along the 
protoplasmic cylinder which causes propulsion of the cell (4, 
5, 29). In viscous environments, rotation of PF will cause 
rolling of the protoplasmic cylinder and translation in a 
cork-screw fashion (4, 5, 29). 
The energy required for flagellar rotation in most 
bacteria originates from transmembrane proton potential or 
proton motive forces (63). Proton motive forces under 
respiratory conditions result from the electron transport 
chain and under anaerobic conditions from glycolysis, and ATP 
hydrolysis occurs via the proton-linked membrane ATPase (63). 
In S. aurantia, membrane potential and proton motive forces 
are also responsible for flagellar rotation (31). 
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Bacterial Chemotaxis 
Sensory receptors There are two types of sensory 
receptors in E. coli and S. typhimurium. One group are the 
periplasmic binding proteins (PBP) (for galactose, ribose, 
maltose, dipeptides, and phosphotransferase system sugars) and 
the other are methyl-accepting chemotaxis proteins (63, 65, 
88). Once bound to their ligand, some of the PBP proteins can 
bind integral membrane proteins which are the methyl-accepting 
proteins or MCPs (63, 65, 88). MCPs have extensive homology 
at the carboxyl terminus whereas the amino terminus is highly 
variable, and it is thought to confer ligand specificity (63). 
These proteins are responsible for binding specific 
chemoeffectors, binding sugars which are complexed with PBPs, 
detecting environmental changes of temperature and pH, and 
acting as receptors for some hydrophobic compounds (63). 
Proteins belonging to the signal transducing protein family 
are involved in Bordetella pertussis expression of virulence 
factors (3). 
MCPs act not only as receptors for some 
chemoattractants, but also as transducers because they 
initiate the chemotactic signal to the cytoplasm. They are 
located at one pole of the cell, and therefore, may direct the 
chemotactic response (64). Five MCPs have been described in 
E. coli and S. typhimurium namely Tsr or MCP I, Tar or MCP II, 
Trg or MCP III, Tap^ or MCP IV, and Tips (63). These proteins 
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are the serine receptor, aspartate receptor, ribose receptor, 
taxis-associated protein, and taxis-involved protein, 
respectively (63). In B. subtilis 3 MCPs (HI, H2, and H3) 
have been described (8). The MCPs are approximately 60 kDa in 
E. coli and S. typhimurium (63, 65, 88) and 80 to 97 kDa in B. 
subtilis (8). Leptospiral and other spirochetal proteins 
sharing antigenic similarity to MCPs from E. coli, B. subtilis 
and S. typhimurium have been identified (70, 74). 
Transducers Besides MCPs, there are transducers for 
carbohydrates of the phosphoenolpyruvate (PTS) system and 
there are unidentified transducers associated with proton 
motive forces (63). 
Other chemotaxis-related proteins There is a group of 
soluble proteins involved in cytoplasmic signal transduction, 
namely CheA, CheB, CheR, CheW, CheY, and CheZ (63, 65, 88). 
CheR and CheB are methyltransferase and methylesterase, 
respectively; they are responsible for modifying the level of 
methylation of the MCPs (63, 65, 88). Methylation uses S-
adenosylmethionine as a substrate and demethylation generates 
methanol as the final product (63, 65, 88). 
CheY and CheZ have opposite effects on motor rotation; 
CheY mutants are CCW biased while CheZ mutants are CW biased. 
Both of these proteins interact with motor proteins directly. 
CheA and CheW mutants are also CCW biased, so in some way they 
may contribute to CW rotation of the flagella. Additionally, 
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it has been observed that both proteins can activate 
methylesterase activity (63, 65, 86, 87). CheA also can 
undergo auto-phosphorylation. The phosphorylated form of CheA 
can then phosphorylate CheB and CheY (37, 38, 87, 88). 
Signal transduction When flagellated bacteria are in 
a medium to which they are adapted, they swim smoothly with 
occasional change in direction (tumbling) (63, 65). This 
pattern of movement is known as random walk and is altered 
when chemotaxis takes place. Unidirectional movement results 
from the reduction of tumbling (63, 65). 
Chemotaxis may be divided into 3 events. The first 
event, called latency, extends from stimulus detection to 
signal reception at the motor (63). This is the time during 
which attractant reaches the transducing macromolecule which 
signals the cytoplasm. The second phenomenon is excitation in 
which changes in membrane potential, Ca^"^ ion, protein 
phosphorylation, and cyclic nucleotides occur (37, 38, 65). 
The last event is called adaptation and is poorly understood. 
There are two types of adaptation, one dependent on MCP 
methylation, the other independent of MCP methylation (63, 
88)  .  
MCPs, CheA and CheW form a complex known as the 
receptor-kinase complex (87, 88). The receptor-kinase complex 
communicates with the flagellar motor by means of CheY and 
CheZ. CheY interacts with switch proteins of the flagella and 
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produces CW rotation. CheZ interacts with the switch complex 
and decreases the CheY binding to the switch complex (38, 87, 
88). The binding of CheZ to the switch complex results in CCW 
rotation (87, 88) (Fig. 2). 
Binding of attractants to receptors inhibits the 
formation of the receptor kinase complex, and therefore 
tumbling is reduced. At the same time, MCPs are progressively 
methylated to a maximum state by CheR (63, 65, 87, 88). 
Increasing methylation of the MCPs favors the formation of an 
MCP-CheA-CheW complex, which increases the kinase activity of 
CheA 100 fold (37, 65, 88). At this point, CheA and CheW are 
responsible for changes in methylesterase activities (CheB) 
which alters the methylation state of MCPs (63). The result 
of the last event is the reduction of the stimulatory signal 
to a prestimulatory state (Fig. 2). 
Phosphorylation plays a key role in signal 
transduction. CheY receives a phosphate group from CheA, and 
in this way, CheY becomes active and binds the flagellar 
switch complex forcing CW rotation (37, 38, 87, 88). 
Attractants will cause decreased levels of phosphorylation of 
CheA and consequently, decreased levels of phosphorylated CheY 
and phosphorylated CheB (37, 88). CheZ antagonizes CheY 
action and accelerates the dephosphorylation of CheY and CheA 
(37, 87, 88). 
Fig. 2. Signal transduction of Escherichia coli. 
Direction of the flagellar rotation clockwise (CW) 
or counterclockwise (CWW) is dictated by the level 
of methylation of signal receptors. Methylated 
signal receptors (MCPs) increase the degree of 
phosphorylation of CheA. Phosphorylated-CheA 
induce CheY and CheB phosphorylation. 
Phosphorylated-CheY switches the flagellar motor 
to CW rotation. Phosphorylated-CheB removes methyl 
groups from MCPs. Attractants are represented by 
black triangles. Methyl groups are depicted as 
black diamonds. Figure reproduced from Parkinson, 
J. S. (80). 
chemical 
stimuli 
MCP 
+/47T 
AdoMet 
A y 
CheR 
CheZ—1> 
CheW 
u 
CheB 
CheA 
periplasmic 
space 
cytoplasmic 
membrane 
MeOH 
sensory 
adaptation 
control of 
flagellar rotation 
20 
The repellent signal may cause MCPs to increase the rate 
of phosphorylation of CheA. Phosphorylation of CheA results 
in increased levels of phosphorylated CheB and CheY, which 
causes increasing rates of tumbling and increased 
demethylation of MCPs (37, 63). Methylation-independent 
adaptation is observed with PTS system sugars and oxygen in 
which phosphorylation of one of the proteins may be involved 
(63) . 
The chemotactic mechanism in B. subtilis is thought to 
differ from that of E. coli and S. typhimurium. In B. 
subtilis. Chez, CheY, and CheA mutant cells are tumble-biased 
while E. coli and S. typhimurium counterparts are smooth-
swimming-biased. Also in B. subtilis, CheB instead of CheA is 
the excitatory enzyme (8). 
Bacterial Motility and Virulence 
Pathogens such as Leptospira live in two different 
habitats. Chemotaxis is important when bacteria are in the 
external environment in which nutrient concentration, pH, and 
temperature are variable. The host is thought to provide a 
more stable environment. Chemotaxis is also important for 
some bacteria to invade host tissues (52). 
There is a high a degree of specialization of motility 
in different bacteria. Some bacteria such as Rhizobium have 
very rigid flagella which allows for motility under highly 
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viscous environments such as soil (30). Many of the symbiotic 
and pathogenic bacteria whose habitat are viscous 
environments, such as the intestinal mucosa, share particular 
features such as a helical shaped body or complex flagella 
(33, 58). 
A high degree of specialization is observed in motility 
of spirochetes. Besides having a helical shape, most 
spirochetes also have complex flagella. These features enable 
spirochetes to migrate far more efficiently under highly 
viscous environments than other bacteria (48, 53). Because of 
their unique traits, spirochetes may have a unique mechanism 
of host invasion in which motility may play a major role (53). 
Spirochetes may be faster than phagocytic cells in the 
extracellular matrix which may contribute to their ability to 
evade phagocytes. 
Periplasmic Flaqellum as Antigen 
Antibodies against bacterial flagella have been shown to 
be important for either host protection or disease diagnosis 
(62, 84). Spirochetal PF are effective simulators of humoral 
immune responses (1, 19, 21). Periplasmic flagella were 
described as protective antigen in T. pallidum (9) and S. 
hyodysenteriae (13). However, more recent evidence indicates 
that antibodies directed towards PF are not protective against 
either T. pallidum or B. burgdorferi infections (19, 21). 
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Further information about other immunologic properties, such 
as mitogenicity or T lymphocyte reactivity, is not available 
yet. 
Detection of antibodies to L. interrogans, T. 
phagedenis, and B. burgdorferi PF have been proposed for 
diagnosis of leptospirosis, syphilis, and Lyme disease 
respectively (34, 67, 89). However, the main problem with the 
use of PF proteins as diagnostic antigens is the lack of 
specificity due to amino acid sequence conservation (73, 78, 
92) . 
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PAPER I: CHARACTERIZATION OF THE PERIPLASMIC FLAGELLUM 
PROTEINS OF Leptospira interrogans 
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SUMMARY 
The structure and composition of periplasmic flagella 
(PF) from Leptospira interrogans serovar pomona type 
kennewicki were characterized. Electron microscopic 
observations showed that leptospiral PF were complex 
structures composed of a 11.3-nm-diameter core, surrounded by 
two sheath layers of 21.5- and 42-nm in diameter. Two-
dimensional gel electrophoresis of isolated PF showed the 
presence of seven different proteins ranging in mass from 31.5 
to 36 kDa. Rabbit polyclonal and mouse monoclonal antibodies 
against PF proteins were prepared and were used to localize 
specific proteins to portions of the PF structure by 
immunoelectron microscopy. A 34-kDa protein was associated 
with the 11.3-nm-diameter core filament, while a 36-kDa 
protein was associated with a PF sheath (21.5-nm-diameter 
filament). The amino termini of the 34- and 35.5-kDa proteins 
were homologous to PF core proteins of other spirochetes. The 
experimental data suggested that L. interrogans PF contains 2 
proteins (34- and 35.5-kDa) in the PF core. 
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INTRODUCTION 
Spirochetes possess an unusual cellular structure. 
These bacteria are long, slender, and helical (13). 
Spirochetes, like gram-negative bacteria, posses a cytoplasmic 
membrane, peptidoglycan, and an outer membrane (13). 
Flagellar filaments are located in the periplasmic space (13). 
Because of their location, these structures are referred to as 
periplasmic flagella (PF). In Leptospira spp. one flagellum 
is inserted at each end of the protoplasmic cylinder and 
extends along the helical axis of the protoplasmic cylinder 
without overlapping (4, 11). 
The mechanisms of spirochete motility are thought to 
differ significantly from other bacteria. Research directed 
at determining the mechanisms involved in spirochete motility 
has often used Leptospira spp. as models. Berg, et al. (3) 
suggest that the PF rotate between the outer sheath and the 
protoplasmic cylinder. Rotation of the PF propagates a 
helical wave motion along the cell cylinder and causes rolling 
of the protoplasmic cylinder within the outer membrane (3, 7, 
11). Rolling of the cell cylinder results in translational 
migration of the cell through gel-like medium in a manner 
similar to the movement of a corkscrew (3, 11). Both 
Leptospira interrogans and Borrelia burgdorferi undergo rapid 
translational movement through highly viscous solutions of 
27 
methylcellulose (15, 17). Under these conditions, most 
bacteria with external flagella are typically nonmotile (17). 
The ability of pathogenic spirochetes, such as L. interrogans^ 
B. burgdorferi, and Treponema pallidum to penetrate many 
different types of tissue and basement membranes is thought to 
be directly related to the motility of these bacteria in 
viscous solutions (15, 17, 30, 33). 
The PF from several different spirochetes have been 
characterized, and are found to be complex structures 
containing several different proteins (5, 9, 16, 19, 23, 24, 
28). Typically, a core filament is surrounded by one sheath 
layer (5, 9, 24). Sequence analysis of several spirochete PF 
genes and proteins show that there are two distinct classes (A 
and B) of PF proteins. Class A proteins are associated with 
the sheath surrounding core PF filaments, they contain signal 
sequences at the amino terminus, and they have short regions 
of sequence similarity with Class A proteins from other 
spirochetes (6, 14, 24, 28). Class B proteins are flagellin 
like proteins which form the PF core. Class B proteins lack 
signal sequences, are highly conserved among spirochetes, and 
are homologous to flagellum proteins from other eubacteria (8, 
21, 24, 27, 28). Multiple class B proteins are present in the 
PF core (24, 28). 
Leptospira spp. were shown previously to possess PF 
composed of four to six proteins (16, 23) and a core filament 
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surrounded by at least two sheath layers (23). The purpose of 
this study was to characterize proteins associated with the 
leptospiral PF and localize some of these proteins to core and 
sheath structures. 
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MATERIALS AND METHODS 
Bacteria 
Leptospira interrogans serovar pomona type kennewicki 
RZll (39) was propagated in bovine serum albumin-Tween 80 
medium (10) at 30°C. 
Electron Microscopy 
Intact bacterial cells were examined by shadow casting as 
described elsewhere (2, Appendix B). Cells partially 
disrupted by Triton X-114 or by cold osmotic shock (37) and 
purified PF were placed on Parlodion-coated copper grids, 
negatively stained (Appendix B) with 3% ammonium molybdate (pH 
7.5) for 10 s (5), and examined in a Philips 410 electron 
microscope. The diameter of PF structures were determined by 
computer image analysis and by direct measurement of 
structures on electron micrographs. Standards for these 
measurements were 5-nm-diameter gold particles (Biocell 
Research Ltd., Cardiff, United Kingdom). 
Periplasmic Flagella Enrichment 
Two liters of stationary phase cultures of RZll were 
harvested by centrifugation and washed twice with 0.01 M 
phosphate-buffered saline (pH 7.2). The cell pellet was 
resuspended in 20 ml of TA buffer (0.1 M Tris-HCl, 4.6 mM NaN] 
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[pH 7.8]). The cell suspension was brought to 1% Triton X-114 
with a 10% Triton X-114 stock solution, and the outer membrane 
was extracted for 1 h on ice. Soluble outer membrane material 
was separated from the protoplasmic cylinders by 
centrifugation (38). 
Protoplasmic cylinders were resuspended in 10 ml 0.1 M 
Tris-HCl (pH 7.8) and digested with lysozyme (0.1 /Ltg/ml) for 1 
h on ice. The PF were stripped from protoplasmic cylinders by 
homogenization at high speed for 20 min at 4°C in a Sorvall 
OmniMixer. The PF were separated from the protoplasmic 
cylinders by centrifugation at 34,000 x g for 20 min, the 
supernatant (PF) was held on ice, and the pellet was extracted 
again. The supernatants were combined and PF were pelleted by 
centrifugation at 450,000 x g for 4 h at 4°C. The PF were 
resuspended in 1 ml of TA buffer, and the mixture was 
partitioned into aqueous and detergent phases by increasing 
the concentration of Triton X-114 to 2%, as previously 
described (38). The aqueous phase was extracted twice with 2% 
Triton X-114 then stored at -20°C. Purification steps were 
monitored by sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) and electron microscopy. 
Protein Electrophoresis 
Protein samples were analyzed by electrophoresis in Tris-
Tricine-buffered SDS-polyacrylamide gels (31, Appendix B). 
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For two-dimensional (2D) PAGE, isoelectric focusing in the 
first dimension was performed by using 1.8% ampholytes, pH 5 
to 7, and 0.2% ampholytes, pH 3 to 10 (25, 26, Appendix B), 
and was followed by SDS-PAGE using Tris-Tricine-buffered gels 
(30). Molecular weight standards were purchased from GIBCO-
BRL, Life Technologies, Inc. (Gaithersburg, MD) (Appendix B). 
Development of Monoclonal and Polyclonal Antisera against PF 
Proteins 
Monoclonal antibodies (MAbs) were prepared from BALB/c 
mice immunized with purified PF emulsified in Ribi adjuvant 
(Ribi Immunochem Research Inc., Hamilton, MT) as described 
elsewhere (36). Antibody production of hybridoma cultures was 
analyzed with an enzyme immunoassay (35) using the PF extract 
as antigen (Appendix B). Polyclonal antisera were produced in 
New Zealand White rabbits by using purified PF proteins 
extracted from Coomassie blue-stained preparative SDS-
polyacrylamide gels as described elsewhere (20). Polyclonal 
antiserum to the 33-kDa Treponema phagdenis PF (20, 24) core 
protein was provided by Nyles Charon. Polyclonal antiserum to 
T. pallidum PF was provided by David Haake (Appendix B). 
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Immunoblot Analysis 
Proteins were electrophoretically transferred to 
Immobilon (Millipore Corp., Bedford, MA) membranes, and 
immunoblot analysis was performed as described previously 
(38). Rabbit antisera were diluted 1:100 before use. MAbs 
were used as undiluted hybridoma supernatants. Secondary 
antibodies were horseradish peroxidase-labeled goat 
anti-rabbit immunoglobulin G (IgG), or biotin-labeled goat 
anti-mouse IgA, IgG, and IgM (Kirkegaard and Perry 
Laboratories Inc., Gaithersburg, MD) and were diluted 1:1000. 
Immunoblots with goat anti-mouse antisera were incubated with 
horseradish peroxidase-labeled strepavidin (Kirkegaard and 
Perry). Immunoreactive proteins were identified by development 
with a solution containing hydrogen peroxide and 4-
chloro-l-naphthol (38). Following development, additional 
proteins on the membranes were localized by staining with 0.1% 
amido black (32). 
Immunoelectron Microscopy 
Protoplasmic cylinders from 10 ml of mid-logarithmic-
phase cultures of RZll were prepared as described above. 
Protoplasmic cylinders were washed twice with 0.1 M Tris-HCl 
(pH 7.8) and reacted for 2 h at 24°C with either a 1:100 
dilution of rabbit anti-PF antibody in TST buffer (10 mM Tris, 
150 mM NaCl, and 0.05% Tween 20 [pH 7.4]) buffer or undiluted 
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hybridoma culture supernatants. Protoplasmic cylinders were 
washed twice in TST buffer, incubated for 1 h with 1:10 
dilution of gold-labeled goat anti-rabbit IgG (5-nm-diameter 
particles) or gold-labeled goat anti-mouse IgM and IgG (5-nm-
diameter particles) (Biocell Research Ltd. Cardiff, United 
Kingdom), and then washed twice in TST buffer. 
Double labeling of PF was carried out by combining 
anti-PF mouse MAb 2A5 and rabbit polyclonal antibodies to the 
34- and 34.5-kDa PF protein bands and reacting this mixture 
with the partially disrupted cells. In this experiment, a 
secondary-antibody mixture containing gold-labeled goat 
anti-mouse IgG (5-nm-diameter particles) and gold-labeled goat 
anti-rabbit IgG (10-nm-labeled particles)(1:10 dilution of 
each) was used. Grids were negatively stained with ammonium 
molybdate. 
Amino Acid Sequence Analysis of PF Proteins 
Protein samples from L. interrogans whole cells were 
separated by 2D PAGE, transferred to Immobilon membranes, and 
stained with amido black. Portions of the membrane containing 
the 34- and 35.5-kDa PF proteins were isolated, and amino-
terminal sequence was determined by Edman degradation (1) 
using a 477A Protein Sequencer/12OA analyzer (Applied 
Biosystems Inc., Foster City, CA) by the Iowa State University 
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protein sequence service. Each protein was isolated, and 
sequenced twice. 
Nucleotide Sequence Accession Number 
Protein sequences reported here have been deposited with 
the National Biomedical Research Foundation and are available 
from Gen Bank under the accession No. A 41210 (34-kDa protein) 
and B 41210 (35.5-kDa protein). 
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RESULTS 
Electron Microscopy of L. interrogans PF 
The structure of L. interrogans PF was characterized by 
electron microscopy. Samples of intact and detergent-
disrupted cells and of purified PF were examined. Analysis of 
shadow-cast intact cells showed the PF extended along 
approximately one-third of the length of the protoplasmic 
cylinder. In intact cells, the PF were approximately 25 nm in 
diameter (Fig. lA). PF filaments of various widths were seen 
in cells disrupted with Triton X-114. The largest of these PF 
filaments possessed a helical sheath, approximately 42 ± 5-nm-
in diameter, which surrounded a 21.5 ± 1.5-nm-diameter 
filament (Fig. IB). Electron microscopic analysis of a 
subcellular fraction enriched for PF showed the presence of 
both the 21.5-nm-diameter filament (Fig. IC) and a 11.3 ± 0.3-
nm-diameter filament (Fig. ID). Although the PF-enriched 
fraction did not contain 42-nm-diameter filaments, coiled 
structures approximately 42 nm in diameter and free of PF were 
observed in cells disrupted by Triton X-114 or osmotic shock. 
Preparation of L. interrogans PF 
To determine the protein composition of L. interrogans 
PF, PF structures were isolated and characterized by PAGE. 
Approximately 10 proteins with masses ranging from 15- to 62-
Fig. 1. Electron microscopic analysis of L. interrogans 
PF. (A) Shadow-cast preparation of L. interrogans 
showing PF. Bar, 200 nm. (B) Negative stain of 
Triton-X-114-disrupted leptospiral cells showing 
the 21.5-nm-diameter filaments (arrow 1), and the 
42-nm-diameter sheath (arrow 2). Bar, 100 nm; 
inset bar, 50 nm. (C) Negative stain of purified 
PF extract showing the 21.5-nm-diameter filament. 
Bar, 100 nm. (D) Negative stain of purified PF 
showing the 11.3-nm-diameter filament. Bar, 100 
nm. 
m# 
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kDa were seen in a PF-enriched fraction of L. interrogans 
(Fig. 2A). Four protein bands of relative molecular masses of 
31.5, 34, 34.5, and 35.5 - 36 kDa were the most prominent. 
Since these proteins were similar in molecular mass to other 
spirochete PF proteins (5, 9, 16, 19, 24), they were 
characterized in detail. 2D PAGE demonstrated that at least 
four proteins form the 35.5- to 36-kDa protein band (Fig. 2B). 
Immunoblot Analysis 
Polyclonal antisera and MAbs to PF proteins were 
prepared to characterize PF structures. Initially, the 
specificities of prepared antibodies were determined by 
immunoblot analysis using SDS-PAGE-fractionated PF 
preparations. The 31.5- and 34-kDa proteins were recognized 
by MAbs 4A9 and 3C12, respectively (Fig. 3 and 4). Two MAbs 
(2A5 and 1H8) reacted with a 36-kDa protein (Fig. 3 and 4). 
Polyclonal antiserum developed to the 35.5- to 36-kDa protein 
band, polyclonal antiserum against a mixture of the 34- and 
34.5-kDa protein bands, and polyclonal antiserum against the 
T. phagedenis 33-kDa PF protein reacted with the 34- and 35.5-
kDa proteins of L. interrogans (Fig. 3 and 4). Polyclonal 
antiserum to T. pallidum PF reacted with both the 34- and 
35.5- to 36-kDa proteins, and a 60-kDa protein (Fig. 3 and 4). 
Fig. 2. Protein profiles of purified L. interrogans PF. 
(A) SDS-PAGE (10% polyacrylamide). Lanes: 1, 
molecular mass standards (in kilodaltons); 2, 
whole-cell lysate; 3, PF-enriched preparation 
showing major bands of 62 (a), 35.5 to 36 (b 
through e), 34.5 (f), 34 (g), and 31.5 (h) kDa; 
and minor bands of 42.5, 28, and 27 kDa (Coomassie 
blue stained). (B) 2D PAGE of PF proteins showing 
eight proteins; one in the 62-kDa band (a), four 
in the 35.5- to 36-kDa band (b through e), one in 
the 34.5-kDa band (f), one in the 34-kDa band (g), 
and one in the 31.5-kDa band (h). 

Fig. 3. Immunoblot analysis of whole-cell lysate of L. 
interrogans reacted with anti-PF antibodies. (A) 
Lanes 1 through 4, MAbs 1H8, 2A5, 3C12, and 4A9, 
respectively; lane 5, rabbit anti-T. phagedenis 
33-kDa PF core protein; lane 6, rabbit anti-r. 
pallidum PF. (B) Lane 1, rabbit antibody to the 
35.5- to 3 6-kDa L. interrogans PF protein band; 
lane 2, rabbit antibody to a mixture of the 
34- and 34.5-kDa L. interrogans PF protein 
bands; lane 3, rabbit antibody to T. pallidum PF. 
Molecular masses (in kilodaltons) are shown on the 
left. 
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Immunoelectron Microscopic Analysis of PF 
Antibodies to PF proteins were used to localize specific 
proteins in the PF structure by immunoelectron microscopy. 
MAbs 1H8 find 2A5 reacted with the 21.5-nm-diameter filaments 
(Fig. 5). MAb 3C12 reacted with the 11.3-nm-diameter 
filament. Polyclonal antisera to the 35.5- to 36-kDa protein 
band and antiserum against the mixture of the 34- and 34.5-kDa 
protein bands reacted with the 11.3-nm-filament (Fig. 5). 
Specific interaction between antibodies directed against 
treponemal PF proteins or MAb 4A9 and cellular or PF 
structures was not observed by using immunoelectron 
microscopy. The results of immunoblot and immunoelectron 
microscopic analyses of PF proteins are summarized in Table 1. 
Amino Terminal Sequences of PF Proteins 
Since the 34- and 35.5-kDa proteins appeared to be 
associated with the PF core, we expected that these proteins 
would have homology with Class B spirochete PF proteins. The 
amino termini of both proteins were sequenced and compared 
with other spirochete class B proteins. The amino termini of 
the 34- and 35.5-kDa proteins were similar to each other and 
had homology with the deduced sequence for a 31.5-kDa PF 
protein from Leptospira borgpetersenii (21) and with other 
Class B spirochete PF proteins (Fig. 6). Attempts to obtain 
Fig. 5. Immunoelectron microscopy of Triton X-114-
disrupted L. interrogans cells reacted with MAbs: 
1H8 (A), 2A5 (B), and 3C12 (C) and polyclonal 
antiserum against L. interrogans 3 5.5- to 36-kDa 
PF protein band (D), and polyclonal antiserum to 
L. interrogans 34- and 34.5-kDa PF protein bands 
(E). (F) Double labeling of PF by polyclonal 
antibodies against the leptospiral 34- and 34.5-
kDa PF protein bands, labeling the 11.5-nm-
diameter filament (10-nm-gold particles), and by 
MAb 1H8 against the 21.3-nm-diameter sheath (5-
nm-gold particles). Arrow, place where the 
21.3-nm-diameter sheath is disrupted. Bar, 100 nm. 

Fig. 6. Amino-terminal amino acid sequence of spirochetal PF core proteins. Line 1, 
L. interrogans 34-kDa (this study); line 2, L. interrogans 35.5-kDa (this 
study); line 3, L. borgpetersenii 31.5-kDa protein (21); line 4, B. 
burgdorferi 41-kDa protein (12); line 5, T. pallidum 31.3-kDa protein (27); 
line 6, T. phagedenis 34-kDa protein (24); line 7, S. aurantia 31.5-kDa 
protein (28). Regions in which the 34- and 35.5-kDa proteins show homology 
with other spirochetal PF class B proteins are boxed. Most likely amino 
acids are in parenthesis. 
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TABLE L Analysis of targets of anti-PF monoclonal and polyclonal antibodies. 
Reactivity 
Antibody 
Monoclonal (isotype) 
1H8 (IgG2b) 
2A5 (IgGl) 
3C12 (IgG) 
4A9 (IgM) 
Polyclonal 
Anti-r. phagedenis PF 
(core protein) 
Anti-r. pallidum PF 
Anti-L. interrogans PF 
(35.5- to 36-kDa band) 
Anti-L. interrogans PF 
(34-kDa and 34.5-kDa bands) 
Protein 
(2D PAGE)" 
PF structure 
(filament diam.) 
36-kDa (e) 
36-kDa (e) 
34-kDa (g) 
31.5-kDa (h) 
34-kDa, 35.5-kDa (g,b) 
34-kDa, 35.5-kDa (g,b) 
34-kDa, 35.5-kDa (g,b) 
34-kDa, 35.5-kDa (g,b) 
PF Sheath (21 nm) 
PF Sheath (21 nm) 
PF Core (11.3 nm) 
PF Core (11.3 nm) 
PF Core (11.3 nm) 
Letter designation given to proteins separated by 2D PAGE (Figure 2B) 
No reaction 
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the amino-terminal sequences of the other PF proteins were 
unsuccessful. 
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DISCUSSION 
In this study, L. interrogans PF structure and 
composition were analyzed. Leptospiral PF filaments from 
detergent-treated or osmotically disrupted cells fell into 
three distinct classes on the basis of filament diameter; 
11.3, 21.5, and 42 nm. The 11.3-nm-diameter PF filament 
formed a core structure surrounded by a sheath, yielding the 
21.5-nm-diameter filament. The 21.5-nm-diameter filament was 
surrounded by a second sheath layer, forming the 42-nm-
diameter filament. Electron microscopic analysis showed that 
the 42-nm-diameter filaments were organized in a uniform 
helical array (Fig. 1). since PF filaments in intact cells 
are more compact (25 nm) than those in disrupted cells, the 
42-nm-diameter filaments probably represent relaxed PF 
structures rather than PF in a truly native state. The 
results of this study confirm and expand on the findings of 
Nauman, et al. (23). 
The 11.3- and 21.5-nm-diameter PF filaments were 
isolated, and the protein composition of these filaments was 
determined. Attempts to isolate the 42-nm-diameter filaments 
and to separate the 11.3- from the 21.5-nm-diameter PF 
filaments were unsuccessful. Four PF protein bands (31.5, 34, 
34.5, and 35.5 to 36 kDa) were detected by SDS PAGE analysis 
of the subcellular fraction containing the 11.3- and the 21.5-
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nm-diameter PF filaments (Fig. 2A). Similar results were 
reported elsewhere (16). However, 2D PAGE separation of this 
fraction resolved seven proteins in the same molecular mass 
range (Fig. 2B). 
At least two PF proteins (34 and 35.5 kDa) are thought 
to comprise the 11.3-nm-diameter core for several reasons. 
First, both proteins were antigenically related to Treponema 
spp. PF core proteins (Fig. 3 and 4). Second, the 34-kDa 
protein was localized to the PF core by immunoelectron 
microscopy with a specific MAb (Fig. 5). Third, the amino 
termini of both the 34- and 35.5-kDa proteins were sequenced 
and found to be similar to Class B proteins from other 
spirochetes (Fig. 6). Additional proteins may also be located 
in the PF core. Rabbit anti-T. pallidum PF serum reacted with 
several of the minor L. interrogans PF proteins (Fig. 4), 
indicating that these proteins are conserved. Although anti-
treponemal PF antibodies did not bind to PF structures, it is 
possible that their epitopes may have been masked. Conserved 
amino acid sequences often are located in the interiors of 
eubacterial flagellar filaments (22). Although a 31.5-kDa 
protein was associated with the PF, its location in the PF 
structure could not be determined by immunoelectron 
microscopic analysis. We believe this 31.5-kDa protein may be 
related to a 31.5-kDa L. borgpetersenii Class B protein, and 
that MAbs against L. interrogans 31.5-kDa protein failed to 
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bind to the PF because the reactive epitopes were buried in 
the core of the PF. Similar problems were encountered during 
the analysis of the 31.5-kDa PF core protein of Spirochaeta 
aurantia (5). The results of this study show that L. 
interrogans contains more than one protein in the PF core. In 
this respect the PF of L. Interrogans are similar to those of 
T. phagedenis (24), T. pallidum (24), and S. aurantia (28). 
The L. interrogans PF sheath forming the 21.5-nm-
diameter filament contains at least one protein with a 
molecular mass of 36 kDa. The size of this protein is similar 
to those of sheath proteins from S. aurantia (6, 28), T. 
pallidum (9, 14, 24), and T. phagedenis (24). Since the 
sheath layer forming the 21.5-nm-diameter filament remained 
with the PF core during purification, proteins making up this 
sheath layer are probably tightly associated with the core. 
In contrast, the material surrounding the 21.5-nm-diameter 
filament leading to the formation of the 42-nm-diameter 
filament readily disassociated from the 21.5-nm-diameter 
filament. The functions of both sheath layers are unknown, 
although the presence of complex flagella in some bacteria is 
associated with the ability to swim in highly viscous 
environments (18, 29, 34). Of particular interest is the 
second sheath layer, as it appears to be a structure unique to 
Leptospira spp. (23, also this study). Further studies aimed 
at determining the composition of the second sheath layer and 
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the nature of interactions between the different PF layers may 
provide insight into mechanisms involved in Leptospira 
motility. 
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SUMMARY 
A lambda gtll (Xgtll) library was constructed using 
Leptospira borgpetersenii genomic DNA. The library was 
screened with a pool of monoclonal antibodies recognizing 
periplasmic flagella (PF) proteins from L. interrogans. 
Fifteen clones reacted with a monoclonal antibody 4A9, which 
recognizes a 31.5-kDa PF protein in L. interrogans, and at 
least five PF proteins in L. borgpetersenii. Southern blot 
analysis and DNA sequencing separated the clones into four 
genes. Two of these genes were physically linked in the 
leptospiral chromosome. The nucleotide sequence of one of the 
genes named fpeP revealed an open reading frame (ORF) of 612 
bases. The deduced amino acid sequence of fpeP shows homology 
to Escherichia coli SppA signal peptidase and to an ORF 
located close to the Haemophilus influenzae lic-1 locus. 
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INTRODUCTION 
The genus Leptospira comprises 10 species, seven of 
which are pathogenic for humans and animals (32). Leptospira 
borgpetersenii serovar hardjo is the predominant cause of 
bovine leptospirosis in the United States (5). Members of 
this serovar cause abortion, stillbirths and birth of weak 
calves (6). Prevention of L. borgpetersenii serovar hardjo 
infections has not been achieved due to the absence of 
effective vaccines (1). 
Spirochetal motility is thought to play an important role 
in host invasion (14). The organelles responsible for such 
motility in most spirochetes are complex structures called 
periplasmic flagella (PF) because of their location (12, 15, 
29). Although some of the mechanics of the spirochetal 
periplasmic flagella rotation have been elucidated (8), very 
little is known about PF gene organization, gene expression, 
and control. 
Leptospira PF are composed of at least seven proteins 
(29). Electron microscopic analysis has shown that the PF 
structure consists of a core and 2 sheaths (29). One of the 
sheaths is formed by a 3 6-kDa protein, whereas the core is 
formed by at least two proteins (34- and 35.5-kDa). An 
additional 31.5-kDa protein was found to remain associated 
with PF throughout the purification process. Localization of 
65 
the 31.5-kDa protein within the structure of the PF was 
unsuccessful (29). A gene coding for a 31.5-kDa PF protein 
has been cloned from Leptospira borgpetersenii (20), however 
it is not known whether this gene corresponds to the 31.5-kDa 
protein previously described (29). 
The role of individual PF components in motility and the 
role of motility in leptospiral pathogenesis are still to be 
determined. Definitive answers may have to rely on genetic 
manipulations. Construction of isogenic mutants may require 
identification, molecular cloning, and replacement of genes 
involved in motility. 
The purpose of this study was to clone and characterize 
a PF gene from L. borgpetersenii. The experimental data 
identifies four L. borgpetersenii genes whose products are 
recognized by a monoclonal antibody (MAb) directed against a 
31.5-kDa Leptospira interrogans PF protein. The complete 
nucleotide sequence of one of the genes was obtained and 
analyzed. 
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MATERIALS AND METHODS 
Bacteria 
A colony of L. borgpetersenii serovar hardjo type 
hardjo-bovis (strain HB-15B.003) was isolated on solid media 
as described previously (33). The clone was designated RZ33. 
Escherichia coli strains were cultivated aerobically in LB 
media supplemented with either 50 fiq/ral of ampicillin or 50 
/Ltg/ml of kanamycin. Genotypes of E. coli strains are 
indicated in Table 1. 
Periplasmic Flagella Purification 
Two liters of stationary phase cultures of RZ33 were 
harvested by centrifugation and washed twice with 0.01 M 
phosphate-buffered-saline (pH 7.2) (PBS). The cell pellet was 
resuspended in 20 ml of TA buffer (0.1 M Tris-HCl, 4.6 mM NaN] 
[pH 7.8]). Two ml of a 10% Triton X-114 stock solution was 
added to the cell suspension, and the mixture was homogenized 
and incubated for 1 h on ice. Soluble outer membrane material 
was separated from the protoplasmic cylinders by 
centrifugation at 16,000 x g for 20 min. 
The pellet containing protoplasmic cylinders was 
resuspended in 10 ml of 0.1 M Tris-HCl (pH 7.8) and digested 
with lysozyme (0.1 /ig/ml) for 1 h on ice. N-Lauroylsarcosine 
was added to a final concentration of 2% using a 4% stock 
Table 1. Genotypes of Escherichia coli strains. 
strain Genotype Source 
y1088: &(Iac)U169 supE supF hsdR metB 
trpR tonh.21 proC: :Tn5{pMC9} 
Stratagene 
Y1089; A(lac)U169 A(ion)araD139 strA 
hflKi:Tn5{pMC9} 
Stratagene 
Ï1090: A(Iac)U169 A(Io/j)araD139 hsdR strA 
supF mcrA trpC22:;Tn5 {pMC9} 
Stratagene 
INVaF' endAl recAl /isdR17(r"K,m\) V supE44 thi-1 Invitrogen 
gyrA96 reiAl <^80AiacAM15A(iacZYA-argF)U169 deoR. 
XL-1 Blue: recAl endAl gyr A96 th±-l hsdRll supE44 Stratagene 
recAl lac [F' proAB iaci'ZAMlS TnIO (tef) ] 
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solution, and the suspension was stirred. The PF were 
separated from protoplasmic cylinders by homogenization at 
high speed for 20 min in an ice bath in a Sorvall OmniMixer. 
Homogenates were centrifuged at 34,000 x g for 20 min. The 
supernatant, containing the PF, was collected and held on ice 
while the pellet was homogenized and centrifuged once more as 
above. The supernatants from the two extractions were 
combined and the PF precipitated by centrifugation at 450,000 
X g for 4 h at 4°C. The PF were resuspended in 1 ml of TA 
buffer, Triton X-114 was added to a final concentration of 2% 
and the mixture was homogenized by vortexing. The aqueous 
phase was separated by warming the sample at 37°C for 30 min 
and centrifuging at 16,000 x g for 5 min at room temperature. 
Triton X-114 was added again to a final concentration of 2% 
and the aqueous phase was extracted as before. Further 
purification was carried out using a 32% (wt/wt) cesium 
chloride gradient. Cesium chloride was added to the aqueous 
phase to obtain a 32% (wt/wt) solution. The mixture was 
placed in ultracentrifuge tubes and centrifuged at 34,000 x g 
for 15 h at 20*0. Bands were visualized and collected by 
puncturing the tube beneath the band. Purified PF were 
obtained from 1 or 2 bands and dialyzed against 5 volumes of 
PBS with 3 changes during a 24 h period at 4°C. 
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Protein Electrophoresis and Immunoblot 
Molecular mass analysis Protein molecular masses 
were analyzed in Tris-Tricine-buffered sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (23). 
Resolving gels (10% acrylamide) were prepared by mixing 6.1 ml 
of a 49.5% acrylamide-3% bis-acrylamide solution, 10 ml of a 3 
M Tris (pH 8.45) solution, 184 /il of a 10% solution of SDS, 4 
ml of glycerol, 9.75 ml of distilled water, 150 )ul of a 10% 
solution of ammonium persulfate, and 30 fil of TEMED. The 
solution was mixed, and poured immediately. The stacking gel 
contained 1 ml of the acrylamiderbis-acrylamide solution, 1 ml 
of the 3 M Tris (pH 8.45), 80 (il of 10% SDS, 8.4 ml of 
distilled water, 100 jul of a 10% ammonium persulfate solution, 
and 10 jul of TEMED. The stacking gel was mixed and poured on 
top of the resolving gel. Gel formation was allowed to occur 
for 2 to 6 h. The anode buffer was a 0.2 M Tris-HCl (pH 8.9) 
solution and the cathode buffer was a 0.1 M Tris, 0.1 M 
Tricine, 1% SDS (pH 8.25) solution. Gels were run overnight 
at 15 mA, followed by 70-100 mA for 3 to 5 h. Molecular 
weight standards were purchased from GIBCO-BRL, Life 
Technologies, Inc. (Gaithersburg, MD). Samples were denatured 
in a 4% SDS, 12% glycerol, 50 mM Tris (pH 8.45), 2% 2-
mercaptoethanol, and 0.005% bromophenol-blue buffer for 5 min 
at 100°C. 
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Lambda lysogens (prepared as described below) were 
analyzed utilizing 7.5% acrylamide discontinuous SDS-PAGE 
(16). The resolving gel contained 7.5 ml of a 30% solution of 
acrylamide:bis-acrylamide, 3.75 ml of a 3.0 M Tris-HCl buffer 
(pH 8.8), 300 /il of a 10% SDS solution, 1.5 ml of a 1.5% 
ammonium persulfate solution, 16.95 ml of distilled water, and 
15 1x1 of TEMED. This mixture was poured into a casting device 
and incubated until polymerized. The gel was topped with a 
solution containing 2.5 ml of a 30% acrylamide:bis-acrylamide 
solution, 5 ml of a 0.5 M Tris-HCl (pH 6.8) buffer, 200 Ml of 
a 10% SDS solution, 1 ml of 1.5% ammonium persulfate solution, 
11.3 ml of double distilled water, and 15 jul of TEMED. The 
reservoir buffer was a 25 mM Tris, 192 mM glycine, 0.1% SDS 
(pH 8,3). Protein samples were dissolved in 30 /xl of a 65.5 
mM Tris-HCl (pH 6.8) buffer, mixed with 10 /il of a 10% SDS 
solution, and 3 /il of 2-mercaptoethanol. 
Immunoblot analysis Proteins were 
electrophoretically transferred for 2 h at l mA/cm^ to 
Immobilon (Millipore Corp., Bedford, Mass.) membranes in a 
solution containing 39 mM glycine, 48 mM Tris, 0.0375% SDS, 
and 20% methanol. 
After transfer, membranes were washed with TS buffer (10 
mM Tris-HCl, 0.9% NaCl [pH 7.4]) and dried until used. The 
membranes were first submerged in methanol and, then placed in 
a TS buffer containing 0.05% Tween 20 and incubated for 1 h to 
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block unoccupied binding sites (3). MAb 4A9 (29) (1:100 
dilution of ascites fluid in TS buffer containing 0.05% Tween 
20) was allowed to react with the membranes for 2 h, and then 
the membranes were washed 3 times with TS-Tween 20 buffer. 
The membranes were incubated in a 1:1000 dilution of 
horseradish peroxidase-labeled goat anti-mouse immunoglobulin 
M (IgM) (Kirkegaard and Perry Laboratories Inc., Gaithersburg, 
MD.) in TS-Tween 20. The membranes were washed twice in TS-
Tween 20 followed by two additional washes with TS alone. The 
substrate was prepared in TS buffer containing 60 ill of 30% 
hydrogen peroxide and 60 mg of 4-Chloro-l-naphthol in a 120 ml 
volume (3). 
Immunoelectron Microscopy 
Protoplasmic cylinders from 10 ml of mid-logarithmic 
phase cultures of RZ3 3 were prepared as described above. 
Protoplasmic cylinders were washed twice with 0.1 M Tris-HCl 
(pH 7.8) and reacted for 2 h at 24°C with 200 /xl of either a 
1:100 dilution of ascites fluid of MAb 4A9 in TS-Tween 20 
buffer or undiluted hybridoma culture supernatants. 
Protoplasmic cylinders were then washed twice in TS-Tween 20 
buffer and incubated for l h in 200 jul of a 1:10 dilution of 
gold-labeled goat anti-rabbit Immunoglobulin G (IgG) (5-nm-
diameter particles) or gold-labeled goat anti-mouse IgM and 
IgG (5-nm-diameter particles) (Biocell Research Ltd. Cardiff, 
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United Kingdom) followed by two washes with TS-Tween 20. 
Protoplasmic cylinders were resuspended in 50 /il of TS. 
Parlodion-coated copper grids were floated on top of a 5 jul 
droplet of this suspension for 5 min. The fluid on the grids 
was drained, and cells were negatively stained with 1% 
ammonium molybdate (pH 7.5). Grids were allowed to air dry 
and examined on a Philips 410 electron microscope. 
Immunoelectron microscopy of purified PF was also 
performed. A droplet (50 /Ltl) of purified PF was allowed to 
adsorb to a Parlodian-coated copper grid for 5 min. Excess 
fluid was drained and the grid was allowed to air dry. Grids 
were floated on top of a 10 jul droplet of a solution 
containing 1:100 dilution of MAb 4A9 in TS-Tween 20 buffer for 
1 h. Grids were then washed with TS-Tween 20 buffer and 
incubated with a 1:10 dilution of gold-labeled goat anti-mouse 
IgM (5-nm-diameter particles) for 30 min. Grids were washed 
and negatively stained as described above. 
Librarv Construction 
Leptospiral DNA Total leptospiral DNA was extracted 
from 1 liter of logarithmic phase culture of L. horgpetersenii 
(27). The cells were washed twice with PBS and resuspended in 
3.2 ml of a 50 mM Tris(pH 8.0), l mM EDTA, 25% sucrose (TES) 
solution and placed on ice. This suspension was transferred 
to 2 ultracentrifuge tubes, and 400 nl of a freshly prepared 
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0.5% solution of lysozyme in TES was added to each tube, and 
the mixture was incubated on ice for 30 min. To each tube, 10 
^1 of a 2% solution of proteinase K was added, the solutions 
were mixed, and 250 fxl of a 10% solution of Sarcosyl was 
added. Tubes were covered with aluminum foil and incubated 
overnight at 65°C. A solution containing 75.65 g of CsCl and 
5 mg of phenylmethylsulphonyl fluoride (PMSF) in 60 ml of 10 
mM Tris (pH 8.0), 1 mM EDTA buffer was used to fill the tubes. 
Tubes were centrifuged at 65,000 rpm in a Beckman VTi 65 rotor 
for 3 h. The tube was punctured with a 16-gauge needle, and 
liquid was drained until a viscous fluid was noted. This 
viscous fluid was collected. Viscous fractions were pooled 
and dialyzed against 10 volumes of TE buffer (10 mM Tris [pH 
8.0], 1 mM EDTA), 3 times for 8 h each. DNA concentration was 
determined by spectrophotometry. 
Lambda qtll cloning Lambda arms treated with EcoRl 
and calf alkaline phosphatase (Stratagene, La Jolla, CA.) were 
ligated to EcoKI-partially-digested RZ33 DNA. 
Ten tubes containing 10 jug RZ33 DNA received two-fold 
dilutions of EcoRI restriction enzyme and were incubated for 6 
h at 37°C. Contents of each tube were analyzed by 
electrophoresis in 0.7% agarose. Tubes containing partially 
digested DNA in the 5 to 10 kb size range were selected for 
ligation. 
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Ligation of 1 /ig of partially digested leptospiral DNA 
with 1 fig of Xgtll was carried out overnight at 4°C in a 
buffer containing 50 mM Tris-HCl (pH 7.5), 7 itiM MgClj, 1 mM 
dithiothreitol (DTT), 1 mM ATP, and 1 unit of T4 Ligase (New 
England Biolabs, Beverly, MA). Ligation mixtures were 
packaged using Gigapak extracts (Stratagene, La Jolla, CA). 
The packaging mixture was titrated using E. coli 1088 
(25). Cells were grown overnight at 30°C in TB broth (0.5% 
NaCl, 1% bactotryptone [pH 7.4], 10 mM MgSO^ and 0.2% maltose) 
and harvested by centrifugation at 2,000 x g. The pellet was 
resuspended in 0.4 volumes of sterile 10 mM MgSO^ solution. 
Cell concentration was adjusted to an ODgoo of 0.5 using 
sterile SM buffer (0.1 M NaCl, 0.01 % gelatin, 0.2% MgS04.7H20, 
50 mM Tris [pH 7.5]) as diluent. Aliquots of 200 fil were 
incubated at 37"C for 15 min in the presence of 10-fold 
dilutions of the Xgtll library. Infected cells were added to 
3.5 ml of molten semi-solid NZY medium (10 g of casamino 
acids, 5 g of yeast extract, 5 g of sodium chloride, 7.5 g of 
granulated agar, 2 g of MgSO,, and H2O to 1000 ml [pH 7.5]), 
equilibrated to 50°C to which isopropyl-/3-D-thio-
galactopyranoside (IPTG) was added to 4.7 mg/ml and 5-bromo-4-
chloro-3-indoyl-0-D-galactopyranoside (X-gal) to 12.3 mg/ml 
(from a 50 mg/ml solution in N,N' dimethylformamide). The 
cell suspension was poured on top of petri dishes containing 
solid NZY medium (as above with 15 g of granulated agar/1). 
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Plates were incubated overnight at 37°C. Plaques were 
recorded as blue or white (25). 
For screening purposes, E. coli strain r" was grown and 
diluted in SM buffer as before, and 500 /il of cell suspension 
was infected with 5 x 10® Xgtll phages and incubated for 20 
min at 37°C. Cells were blended with 6.5 ml of molten semi­
solid NZY and poured on top of 150 mm diameter petri dishes 
containing solid NZY. Once solidified, plates were incubated 
at 42°C for 2 h, and transferred to a 37°C incubator. At the 
same time, nylon membranes (Hybond membranes, Amersham 
Corporation, Arlington, IL) were immersed in a 10 mM solution 
of IPTG and allowed to air dry. Once dry, membranes were 
placed on top of the agar plates when the lawn started to 
develop. After 18 h incubation at 37°C, petri dishes were 
placed in the refrigerator (4°C) for 30 min. Membranes were 
peeled off the plates, and blocked and reacted with antibody 
as described in the immunoblot protocol. Plaques were 
screened with a pool of MAbs reacting with L. interrogans PF 
proteins (29); MAb 1H8 (anti-PF sheath), MAb 3C12 (anti-PF 
core), and MAb 4A9 (anti-31.5-kDa PF protein). Positive 
plaques were collected by cutting agar plugs with a Pasteur 
pipet. The agar plugs were placed in 500 IMI of SM buffer, 
incubated for 2 h at room temperature, and then 20 /il of 
chloroform was added. Recombinant plaques were purified by 
successive plating (3-4 times). 
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To analyze the recombinant proteins, lysogens were 
prepared with recombinant Xgtll phages (25). Escherichia coli 
strain Y1089 was grown overnight at 30°C in NZY broth, 
harvested and resuspended in 10 mM MgSO^ as before. Cells 
were diluted in SM buffer to O.D.goo = 0.25 and 1 jul of the 
cell suspension was incubated with approximately 10* 
recombinant Xgtll for 20 min at 37®C. Infected cells were 
diluted 1:100 in NZY broth from which 100 /Ltl were spread on an 
NZY plate. Twenty colonies were randomly selected, and 
cultured on duplicate plates at 37®C and 3 0°C. Colonies able 
to grow at 30°C but not at 37°C were selected. Lysogens were 
grown overnight at 30°C on NZY plates. The colonies were 
cultured in TB broth at 30°C with strong agitation until the 
ODgoo reached 0.4; cells were then placed in a water bath at 
44°C for 20 min with strong agitation, IPTG (100 mM solution) 
was added to reach a concentration of 10 mM, then cells were 
moved to a 37°C environmental shaker and incubated for 1 h. 
Cells were harvested by centrifugation and resuspended 
immediately in SDS-PAGE lysis buffer and frozen at -70°C until 
used. 
Polvmerase Chain Reaction (PGR) 
Lambda qtll DNA DNA was obtained from recombinant 
lysogens (25). Lysogens were streaked in NZY agar, grown 
overnight at 30°C, and single colonies were inoculated into 5 
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ml of TB broth and incubated at 30°C until the ODgoo reached 
0.4. The lytic phase was induced by incubation at 45°C for 20 
min and subsequent incubation at 37°C for 1 h. Both 
incubations were carried out with agitation. Cells were lysed 
by the addition of 100 /il of chloroform and further incubation 
at 37°C. Cell debris was removed by centrifugation 8,000 x g. 
Supernatants were treated with DNAse (1 /Ltg/ml) and RNAse (1 
/xg/ml) . Sodium chloride was added to a final concentration of 
1 M and cell lysates were incubated for 1 h on ice, and 
centrifuged for 20 min at 9,000 x g. Supernatants were 
transferred to Corex tubes and polyethylene glycol (PEG, MW 
6000) was added to a final concentration of 10%. Tubes were 
vortexed until PEG was dissolved, and incubated on ice for 30 
min. They were then centrifuged at 8,000 x g for 20 min at 
4°C. Supernatants were discarded and tubes were allowed to 
drain vertically. The pellets were resuspended in 500 /il of 
SM buffer. 
Each phage suspension was transferred to a clean tube, 
to which 1 volume of chloroform was added, vortexed, and 
centrifuged at 16,000 x g for 5 min. The aqueous phase was 
collected and the procedure was repeated twice. A final 
concentration of 1% SDS and 1 iiq/xal of proteinase K 
(proteinase K was predigested for 1 h at 37°C before use) were 
added to the aqueous phase and the mixture was incubated for 1 
h at 37°C. After digestion, the solution was mixed with 1 
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volume of a solution containing 50% phenol, 46% chloroform, 4% 
isoamyl alcohol, vortexed, and centrifuged at 16,000 x g for 5 
min. The aqueous phase was transferred to a clean tube 
containing 1 volume of 96% chloroform 4% isoamyl alcohol 
solution, the mixture was vortexed and then centrifuged at 
16,000 X g for 5 min. DNA was precipitated by adding 2 
volumes of 95% ethanol and 10% of volume of a 3 M sodium 
acetate solution (pH 5.5), the mixture was vortexed, incubated 
at -70°C for 20 min, and then spun at 16,000 x g for 15 min. 
The DNA pellet was washed once with 70% ethanol and dried as 
before. Leptospiral DNA was prepared as described in the 
library construction section. 
Standard PGR For these reactions lacZ forward primer 
(5'-GGTGGCGACGACTCCTGGAGCCCG-3') and a lacZ reverse primer 
(5'-TTGACACCAGACCAACTGGTAATG-3') were used. Also two primers 
(5'-CTGGTCTGTCAGGTGGTCG-3' and 5'-GTAAGATACGGCATTGGACG-3') 
derived from the L. borgpetersenii flaB gene (20) were used to 
amplify DNA corresponding to one of the PF core proteins. 
Reactions were carried out in a buffer containing 1.5 mM of 
MgCl;, 50 mM KCl, 10 mM of Tris-HCl (pH 8,3), 0.05 /ig of Xgtll 
DNA, 0.5 juM of each lacZ reverse and forward primers, 200 juM 
of each dATP, dCTP, dGTP, and dTTP, and 2.5 U of Tag 
polymerase (Perkin Elmer Corporation, Norwalk, CT). Tubes 
containing the reaction mixture were incubated at 94°C for 30 
sec, primers were allowed to anneal at 64°C for 45 sec and 
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extended at 72"C for 2 min. Twenty-four cycles were 
completed. 
Inverse PGR The DNA amplification was performed as 
described by Triglia et al. (28). Primers were designed from 
DNA sequences of one of the clones utilizing an IBM compatible 
software package (Primer Designer, Scientific & Educational 
Software) and the primers were synthesized at the Nucleic Acid 
Facility of Iowa state University. Primers contained 20 
nucleotides (primer 1, 5'-ACAATTCCTCCAAGGCTTCC-3'; primer 2, 
5'-CAGACTCTGTCAGTACGACG-3'). Leptospiral DNA (1 /ig) was 
digested with EcoKM, Clal, Hhal, and Sspl (Gibco-BRL Life 
Technologies, Inc., Grand Island, NY), and heated to 65°C for 
20 min. Each digest was diluted to a DNA concentration of 2-3 
/xg/ml in 50 fil of ligation buffer (50 mM Tris-HCl [pH 7.8], 10 
mM MgCl2, 10 mM dithiothreitol, 1 mM ATP and 25 /xg/ml of 
bovine serum albumin) to which 1 U of T4 ligase (New England 
Biolabs, Beverly, MA) was added. Ligation was performed at 
15°C overnight. Inverse PGR reactions were performed using 10 
1x1 of the ligation reaction mixture. 
Cloning of PGR Products 
PGR products were cloned using the TA plasmid system 
(19) (Invitrogen Corporation, San Diego, GA). PGR products (1 
jul) were mixed with 2 ixq of pGRlOOO (TA plasmid) and ligated 
with T4 polymerase as previously described. Ligated plasmids 
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were introduced into competent E. coli INVaF' cells (Table 1). 
Transformants were selected for kanamycin resistance on TB 
media which was coated with 20 /il of a 50 mg/ml solution of X-
gal in N-N'-dimethyl formamide. Individual white colonies 
were selected, and grown overnight in 5 ml of TB broth. A 1.5 
ml aliquot of each culture was centrifuged, and then 
resuspended in 200 /il a 50 mM glucose, 25 mM Tris-HCl (pH 
8.0), and 10 mM EDTA, and incubated at room temperature for 5 
min. Cell suspensions received 200 /il of a solution 
containing 0.2 N NaOH and 1 % SDS; the suspension was mixed by 
inversion, and incubated on ice for 5 min. To each cell 
lysate, 300 /il of an ice cold 5 M potassium acetate solution 
(pH 4.8) was added and the solution was mixed gently and 
centrifuged at 16,000 x g for 10 min. Supernatants were 
transferred to a tube containing 500 /il of isopropanol, the 
mixture was incubated for 30 min at room temperature, and 
centrifuged at 16,000 x g. The pellet was washed once with 
70% ethanol, centrifuged for 5 min as before, and allowed to 
air dry for 20 min. The pellet was resuspended in 100 /il of 
sterile double distilled water. One microliter of each DNA 
preparation was digested with a restriction enzyme (WotI when 
pCRlOOO was used, Nsil when pCR2000 was used) and the 
fragments were analyzed by electrophoresis in 7% 
electrophoresis. Recombinant plasmids were digested with 
different restriction enzymes in order to construct a 
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restriction map. Segments of the inserts were subcloned into 
pBluescript KS II + and pBluescript SK II + (Stratagene, La 
Jolla, CA). Subclones were used for DNA sequencing. 
Transformation of E. coli strains was carried out with a 
modification of a previously described technique (18). 
Bacterial cells were grown in a 500 ml volume of DYT broth at 
37°C until the ODgoo reached 0.3. The culture was then chilled 
in an ice bath for 30 min. Bacterial cells were pelleted at 
6,000 X g at 4°C, resuspended in 12.5 ml of ice cold TB 
solution (67.5 mM MnCl2, 90 mM CaClj, 60 mM potassium acetate 
[pH 6.2], 22.5% glucose, and 1.95% RbCl), and incubated for 30 
min with occasional mixing. To this cell suspension was added 
450 fj.1 of dimethyl sulfoxide and the mixture was then 
dispensed in 250 jul aliquots, and stored at -80®C until used. 
Competent cells were thawed on ice, and 0.1 to 1 ng of plasmid 
DNA was added and the mixture was incubated on ice for 40 min 
with occasional mixing. The cell suspension was transferred 
to a 37°C water bath for 2 min, then the suspension was placed 
in 1 ml DYT broth, and incubated at 37°C for 1 h. Selection 
of recombinants was carried out in LB agar containing 
ampicillin (50 ng/ml) , coated with 100 fj.1 10 mM IPTG and 20 /Ltl 
of a 50 mg/ml solution of X-gal. 
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DNA Sequencing 
Plasmid DNA from recombinant clones was extracted by 
alkaline lysis (17). Cells from a 100 ml overnight culture 
were centrifuged at 8,000 x g, resuspended in 2 ml of a 50 mM 
glucose, 25 mM Tris-HCl (pH 8.0), and 10 mM EDTA, and 
incubated at room temperature for 5 min. Cell suspensions 
received 4 ml of a 0.2 N NaOH, 1% SDS solution, and were mixed 
by inversion and incubated on ice for 15 min. Three ml of an 
ice cold 5 M potassium acetate solution (pH 4.8) was added to 
each cell lysate and the lysates were mixed by inversion and 
incubated on ice for 10 min. Supernatants were transferred to 
a Corex tube containing 5 ml of isopropanol and the mixture 
was incubated for 30 min at room temperature and centrifuged 
at 8,000 X g. The pellet was washed once with 70% ethanol, 
centrifuged for 5 min as before, and allowed to dry for 20 
min. The pellet was resuspended in 1 ml of double distilled 
water and digested with 200 jug/ml of DNAse-free RNAse for 30 
min at 37°C. Tube contents were mixed with an equal volume of 
50% phenol, 46% chloroform, 4% isoamyl alcohol. Contents were 
vortexed for 1 minute and centrifuged at 16,000 x g for 5 min. 
The aqueous phase was removed and transferred to a tube 
containing an equal volume of chloroform-isoamyl alcohol 
(24:1), then vortexed and centrifuged as before. The 
chloroform extraction was repeated twice, followed by ethanol 
precipitation (2 volumes ethanol, 0.1 volume 3 M sodium 
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acetate [pH 4.0]). The pellet was resuspended in 400 /il of 
sterile distilled water. 
The dideoxy-termination DNA sequencing procedure was 
followed (22). Sequencing primers purchased from United 
States Biochemical (Cleveland, OH) were M13mpl8 (5'-
GTAAAACGACGGCCAGT-3'), M13 reverse (5'-AACAGCTATGACCATG-3'); 
primers purchased from Stratagene (La Jolla, CA) were T7 
promoter primer (5'-TAATACGACTCACTATAGGG-3) and T3 promoter 
primer (5'-GAAATCACTCCCAATTA-3'). Primers used for PGR and 
inverse PGR were also used for sequencing. Double stranded 
DNA sequencing was carried out by the alkaline-denaturation 
method (18). Template DNA (5- to 10-ng) was dissolved in 24 
/il of distilled water, and 6 /tl of a 1 M NaOH, 0.01 M EDTA 
solution were added, and the mixture was incubated at 37°C for 
30 min. The solution was neutralized by adding 1 volume of 3 
M sodium acetate (pH 4.5) on ice. DNA was precipitated by the 
addition of 2 volumes of ethanol and was incubated for 15 min 
at -70°C. The DNA pellet was washed twice with 70% ethanol. 
DNA was resuspended in 7 /tl of distilled water, and 2 /tl of 
reaction buffer (200 mM Tris-HCl [pH 7.5], 100 mM MgClj, 250 
mM NaCl) , and 1/tl of primer (0.5 to 10 pmol) was added. The 
solution was incubated at 65°C for 2 min, and allowed to cool 
down slowly to 30°C in a heat block. One /tl of a 100 mM DTT, 
2 /il of dNTPS (mixture containing 1.5 /tM of each dATP, dCTP, 
dGTP, and dTTP) , 0.5 /il of a 10 /tCi/ml solution of a-^S dATP, 
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and 2 ni of 1:8 dilution of Sequenase (United States 
Biochemical, Cleveland, OH) in 10 mM Tris-HCl (pH 7.5) buffer 
containing 5 mM DTT, and 0.5% bovine serum albumin were added 
to the template-primer solution. Polymerization was allowed 
to occur for 10 min at room temperature. Termination was 
accomplished by taking four 3.5 /nl-aliquots of polymerizing 
solution and placing the aliquots into 4 tubes containing 2.5 
Hl of ddATP termination mix, ddCTP termination mix, ddGTP 
termination mix, or ddTTP termination mix. Each termination 
mix contained 50 mM NaCl, 80 nM of each dNTP, and 8 mM of the 
corresponding ddNTP. The reaction proceeded for 5 min at 37°C 
and was stopped by adding 4 /il of stopping reagent containing 
95% formamide, 20 mM EDTA, 0.05% bromophenol blue, and 0.05% 
xylene cyanol. Samples were denatured at 90 to 100°C for 5 
min before being loaded into the gel. 
Polyacrylamide gels for sequencing were prepared as 
described (18) using a Model S2 electrophoresis apparatus 
(Life Biotechnologies, Gaithersburg, MD). A 6% acrylamide gel 
was prepared by dissolving 38 g of urea in 12.5 ml of a 40% 
solution of acrylamide:bis-acrylamide, 15 ml of TBE (0.44 M 
Tris, 0.44 M boric acid, and 25 mM EDTA), and distilled water 
to 74 ml. When the urea was totally dissolved, 450 fil of a 
10% solution of ammonium persulfate was added. A 2 ml aliquot 
of the mixture was mixed with 4 of TEMED, and poured 
immediately between the assembled glass plates in order to 
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form a plug. After one hour, 20 jul of TEMED was added to the 
remaining acrylamide solution and the solution was poured on 
top of the plug. Polymerization was allowed to take place 
overnight (18). 
Agarose Gel Electrophoresis and Southern Blot 
Pulsed-field electrophoresis was carried out as 
described previously (33) . Large molecular weight DNA was 
obtained using agarose-encapsulated leptospiral cells (33). 
Leptospires were grown to logarithmic phase in 100 ml of BAP-
80 medium, cells were washed as before, and resuspended in 2.5 
ml of a 1 M NaCl, 10 mM Tris-HCl (pH 8.3) buffer. The cell 
suspension was warmed to 42-45°C. At the same time, 2.5 ml of 
a 1% solution of LGT agarose (FMC BioProducts, Rockland, ME) 
was dissolved in Tris-NaCl buffer and equilibrated to 42-45°C. 
The cell suspension was mixed with the agarose, and 10 ml of 
pre-warmed 42-45°C mineral oil was added. Immediately, 60 ml 
of ice-cold Tris-NaCl buffer was added and mixed for 10 min. 
The agarose bead suspension was centrifuged for 10 min at 
1,000 X g and the supernatant was aspirated. The washing 
procedure was repeated two times using the cold Tris-NaCl 
buffer to resuspend the beads. Agarose beads were resuspended 
in a lysis buffer (1 M NaCl, 100 mM EDTA, 0.2% deoxycholate, 
0.5% Sarkosyl, 0.002% of DNAse-free RNAse, 0.4% lysozyme) and 
incubated 4 h at 37°C with occasional stirring. The 
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suspension was centrifuged as before and the pellet 
resuspended in 100 mM Tris-HCl (pH 9.5), 400 inM EDTA (pH 8.0), 
1% SDS, and 0.1% proteinase K and incubated overnight at 50°C. 
The agarose beads were centrifuged as before and resuspended 
in 20 ml of a freshly prepared 10 mM Tris-HCl (pH 8.0), 1 mM 
EDTA, 5 mM PMSF solution and agitated gently for 1 h at room 
temperature. Agarose beads were centrifuged and washed with 
the PMSF containing buffer 4 times. The beads were 
centrifuged as before and resuspended in 3 0 ml of TE buffer 
and rocked for 1 h at room temperature. The agarose beads 
were washed a total of 16 times in 24 hours. Beads were 
resuspended in 2 ml of TE buffer and stored at 4°C. For each 
digestion, 25 /il of bead suspension was used. Pulsed-field 
electrophoresis (1% agarose) was carried out in a CHEF 
(contour clamped homogeneous-electric field) (Bio-Rad, 
Hercules, CA) at 200 V with 3 to 30 sec pulse for 24 h at 
10°C. Gel and tank buffers were O.X TBE (44.5 mM Tris, 44.5 
mM boric acid, 2 mM EDTA). Deoxyribonucleotide length 
standards were Saccharomyces cerevisiae chromosomal DNA (210-
1600 kb) and concatamers of Xcl857 (48.5 kb monomer). 
Standard agarose gel (0.7% agarose) electrophoresis was 
carried out in TBE buffer (18). 
After electrophoresis, agarose gels were stained with 
ethidum bromide, photographed and placed into denaturating 
buffer (4 volumes of a 0.5 M NaOH and 1 M NaCl solution) for 1 
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h, 20°C with shaking. Gels were placed in 4 volumes of 
neutralizing buffer (1 M Tris, 1.5 M NaCl [pH 8]) for 1 h. 
Nylon membranes were cut and activated by submerging the 
membranes in 2X SSC (2OX SSC contains 3 M NaCl, 0.3 M Sodium 
citrate [pH 7]). Nucleotide fragments were transferred to the 
membranes by capillarity as described (14) using a lOX SSC 
buffer for 24 h. After transfer membranes were washed with 2X 
SSC and DNA was cross-linked to membranes with UV irradiation. 
Membranes were treated with pre-hybridization solution (6X 
SSC, 1% SDS, 10 mg/ml of heat-denatured salmon sperm DNA, and 
X Denhart's solution (lOX Denhart's is 1% ficoll, 1% 
polyvinylpyrrolidone, 1% bovine serum albumin fraction V) at 
50°C for 18 h. Nucleotide probes were nick-translated plasmid 
DNA or PCR products. Approximately 5 ^ig of plasmid or PCR 
product were labeled in a 50 fil reaction volume containing 50 
to 100 iiCi of [a-^^P] dATP (BRL, Biotechnology, Piscataway, 
NJ). Unincorporated nucleotides were removed by two ethanol 
precipitations. 
Computer Analysis 
DNA sequences were analyzed using a Unix version the of 
GCG 7.1 package (Genetic Computer Group, Madison, WI). 
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RESULTS 
Leptospiral PF Proteins 
Purified PF from L. borgpetersenii had a similar protein 
pattern to that observed in L. interrogans upon analysis by 
SDS-PAGE (Fig. lA) . The MAbs against L. interrogans PF (29) 
reacted with proteins of similar molecular masses in L. 
borgpetersenii as well as other species of the genus 
Leptospira (data not shown). However, when purified PF 
proteins were immunoblotted with MAb 4A9, at least five PF 
proteins (36-, 33-, 31.5-, 27- and 23.5-kDa) were reactive in 
L. borgpetersenii (Fig. IB) and one (31.5-kDa) in L. 
interrogans (Appendix A Fig. A2). 
Immunoelectron Microscopy 
To determine what flagellar structure of L. 
borgpetersenii MAb 4A9 reacts with, immunoelectron microscopy 
was done. The location of the reactivity of MAb 4A9 was 
difficult to determine. In some preparations, MAb 4A9 reacted 
in the proximity of the basal body of the PF (Fig. 2A). 
Immunoelectron microscopy of the purified PF preparations 
shows reactivity of MAb 4A9 with proteinaceous aggregates as 
shown in Fig. 2B. 
Fig. 1. Protein profile of Leptospira borgpetersenii PF. 
(A) SDS-PAGE (10 % polyacrylamide) of purified 
PF. (B) Immunoblot of PF proteins reacted with 
MAb 4A9. Lanes 1 and 2 are purified-PF proteins; 
lane 3 is whole cell lysate. Molecular masses 
(in kilodaltons) are indicated. 
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Fig. 2. Immunoelectron microscopic analysis of L. 
borgpetersenii PF reacted with MAb 4A9. A) 
Triton X-114-disrupted leptospiral cells. B) 
Purified L. borgpetersenii PF. Bar, 100 nm. 
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Library Screening 
To isolate the PF genes, a DNA library of L. 
borgpetersenii was constructed. The library had approximately 
1.5 X lO^X per (il and had an 82% efficiency. A total of 5 x 
10® plaques were screened with the pool of anti-PF MAbs. 
Fifteen plaques were selected based on their reactivity with 
the MAbs. All of the clones reacted with the MAb 4A9, but not 
with the other MAbs. 
PGR Products 
To analyze the recombinant DNA in the immunoreactive 
phages, PGR was used. PGR products of reactive clones were 
EcoRl digested to eliminate Xgtll flanking sequences. Most of 
the clones (Xfi, XF2, XF3, XF6, XF7, XF9, XF13, XF14, XF18, 
XF20, XF21, and XF22) had a 1 kb fragment when digested with 
EcoRI (Fig. 3A). Glones XF4, XF17 had a 300 base pair (bp) 
insert; XF15 had two fragments, one 220 bp and one 150 bp; and 
XFB, XFIO displayed a 250 bp fragment (Fig. 3A). For further 
analysis, PGR products from clones XFI, XF3, XF4, and XF15 
were ligated into pCRlOOO to form pCRFl, pCRF3, pCRF4, and 
pGRF15, respectively. The PGR product of XFB was cloned into 
pCR2000 to form pGRFB. 
Fig. 3. PGR products of Xgtll clones digested with EcoRI. 
(A) Agarose gel stained with ethidium bromide. 
(B) Southern blot probed with pCRF3. (C) 
Southern blot probed with pCRF4. (D) Southern 
blot probed with pCRFlO. (E) Southern blot 
probed with pCRFlS. Lanes; 1, Xgtll DNA; 2, 
XFI; 3, XF2; 4, XF3; 5, XF4; 6, XF6; 7, XF7; 8, 
XF8; 9, XF9; 10, XFIO; 11, XF13; 12, XF14; 13, 
XF15; 14, XF17; 15, XF18; 16, XF20; 17, XF21; and 
18, XF22. 
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Southern Blot Analysis 
Nucleotide-sequence homology among PGR products of 
reactive clones was assessed with Southern hybridization 
studies. PGR products from recombinant lysogens DNA were 
digested with EcoRl to eliminate lacZ (Xgtll) primer 
sequences. Southern blot analysis of the PGR products 
demonstrated four different groups of DNA inserts. When the 
pGRFl was used as a probe, hybridization was observed with PGR 
products of XFI, XF2, XF3, XF6, XF7, XF9, XF13, XF14, XF18, 
XF20, XF21, and XF22 (Fig. 3B). When pGRF4 was used as probe, 
hybridization was only observed with XF4 and XF17 PGR products 
(Fig. 3G). When pGRF8 was used as probe, hybridization was 
observed with XF8 and XFIO PGR products (Fig. 3D), whereas 
pGRFlS hybridized to the XF15 PGR product and seemed to cross 
hybridize with the other PGR products (Fig. 3E). 
Hybridization was not observed when the PGR amplified L. 
borgpetersenii flaB gene (20) was used (data not shown). 
Southern blot analysis of leptospiral DNA digests 
separated by pulse-field electrophoresis was used to localize 
the reactive clones in the L. borgpetersenii chromosome. PGR 
products of clones XF3 (same as XFI) and XF15 hybridized 
chromosomal fragments of L. borgpetersenii in an identical 
pattern (Fig. 4A and 4B). The same hybridization pattern was 
observed between PGR products from clone XF4 and the PGR 
amplified flaB PF gene (20) (Fig. 4G and 40). No relationship 
Fig. 4. Southern blot analysis of pulsed-field 
electrophoresis separated L. borgpetersenii DNA 
probed with pCRFl, (A); pCRF15, (B); pCRF4, (C); 
L. borgpetersenii flaB gene PGR product, (D); and 
pGRF8 (E). Lanes: 1, Asel; 2, Asel + Srfl; 3, 
Srfl; 4, S fil; 5, Notlj 6, Pad; and 7, Sspel. 
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was observed when the PGR product of clone XF8 was used (Fig. 
4E) . 
Fusion Proteins 
To analyze the recombinant fusion proteins, immunoblot 
analysis of the Xgtll lysogens was performed. Fusion proteins 
of XF4, XF8, XFIO, XF15 and XF17 were larger fusion proteins 
than the rest of the clones (Fig. 5). Because XF15 was 
producing the largest fusion protein, it was subjected to 
further analysis. 
XF15 Flanking Sequences 
Characterization of the XF15 clone required the cloning 
of upstream and downstream sequences. Divergent-direction 
primers were designed based on XF15 sequences (Fig. 6G). Four 
inverse PGR products were obtained (Fig. 6). Since the 5' 
termini of the two primers were separated by 3 kb, inverse PGR 
products were the same size as the corresponding restriction 
fragment of leptospiral DNA as shown in Fig. 6. 
An inverse PGR product of 3 kb obtained from EcoRV 
digested leptospiral DNA was ligated into pCR2000 to form 
pITE2. Smaller pieces of inverse PGR amplified DNA obtained 
from Clal, Hhal, and Sspl digested leptospiral DNA were 
ligated as before and termed pIPGL, pIPH, and pIPSP, 
respectively. Once the inverse PGR products were oriented, a 
Fig. 5. Immunoblot analysis of a SDS-PAGE containing 
fusion proteins of recombinant Xgtll lysogens 
reacted with MAb 4A9. Lysogen of 1, XF3; 2, XF4 
3, XF6; 4, XF8; 5, XF9; 6, XFIO; 7, XF13; 8, 
XF14; 9, XF15, 10, XF17; 11, XF18; 12, XF20; 13, 
XF21; 14, Xgtll (no insert); 15, XFl; 16, XF2; 
17, XF7; 18, XF22. Molecular masses (in 
kilodaltons) are indicated. 
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Fig. 6. Inverse PGR products containing nucleotide sequences flanking the XF15 
insert. (A) Agarose gel electrophoresis of inverse PGR products obtained 
after digestion with 1, Clalj 2, Hhal; 3, Sspl; and 4, EcoRV. (B) Southern 
blot analysis of L. borgpetersenii DNA digested with 1, Clal; 2, Hhal} 3, 
Sspl; and 4, EcoRV. (C) Location of the two primers used in inverse PGR. 
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5 ' -TCGGCGGAAGAAAGGAAGCCTTGGAGGAATTGTCCAGACTCTGTCAGTACGACGGAGAAA-3 ' 
3 ' -AGCCGCCTTCTTTCCTTCGGAACCTCCTTAACAGGTCTGAGACAGTCATGCTGCCTCTTT-5 ' 
1 
Fig. 7. Restriction endonuclease enzyme map of fpeP. Hatched bar indicates the 
location of the \F15 insert nucleotide sequences. 
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restriction map of the EcoRV fragment was constructed and the 
corresponding gene was named fpeP (Fig. 7). 
DNA Sequence Analysis 
The open reading frame of fpeP had 612 bases. Homology 
of the fpeP nucleotide and amino acid sequences to other genes 
was used as means of gene identification. Nucleotide sequence 
and DNA-derived amino acid sequences were analyzed using the 
FASTA, TFASTA, and WORDSEARCH routines of the GCG program. No 
major homology was found between fpeP and any other flagellar 
proteins previously described. However a putative promoter 
showed some homology to the a^*-type of promoter (9) (Fig. 8) . 
The proposed amino acid sequence of FpeP has homology to the 
deduced amino acid sequence of a signal peptidase gene of E. 
coli (sppA) (11) and to the deduced amino acid sequence of a 
putative protein gene found in the Haemophilus influenzae lic-
1 locus (31) (Fig. 9). 
The nucleotide sequences of the rest of the clones 
corroborated Southern blot analysis results. Partial 
sequences of XFl were identical to those of XF3 (Appendix A). 
A similar relationship was observed between XF4 and XF17 and 
between XF8 and XFIO. Amino acid sequence homology analysis 
among clones is shown in Appendix A Fig. AB. 
Fig. 8. Nucleotide sequence of fpeP. SD indicates 
putative ribosome binding site; -10 and -35 
indicate putative promoter region; underlined 
amino acids indicate XF15 lacZ fusion site. 
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5'-CACGTTCCAATAATCTGATTCAAGAGTGAAGAACCGTTGACATTGACAATCACATTCATA 60 
61 TTAACCACTTTGTCCGTATTGATCGACTTGTGAATATCTGCTTTAATCGACTACGACTTC 120 
121 GAAATATTCTCGAGTCACAGGAGGAACCTTTTTTCGTACGGCCCCGATCGGCGCGGCGCT 180 
181 GATCAAGGTCGAAGGCGAGATCCATTCGGGACATTCTACCTTTGAATCCACAGGATCCGA 240 
241 AAGTATCTTCAAAAAGTTGAGAGATATAGAACAAAACCCGAATATTAAAGGAATCTTAAT 300 
-35 -10 
301 TGAAATAAACTCGCCCGGAGGAACCGTCGGACAGCCTCGCAAGAAGTTTATAACGAGTTG 360 
SD 
361 ATGCGACTACGAAAAACGAGAAAGATCGTAGTGTCCATGAAAGATATGGCCGCTTCCGGG 420 
M R L R K T R K I V V S M K D M A A S G  
421 GGATATTATATCGCTTCTTCGGCGGATAAAATTTTCGCACTTTCCGGAACGATCACAGGA 480 
G Ï Y I A S S A D K I F A L S G T I T G  
481 TCGATAGGGGTGTTGCAATGGCTCCGATATCAAAGGGCTTTTGGATCGCTCGGAGTGAAG 540 
S I G V L Q W L R Y Q R A F G S L G V K  
541 ATGAGGACGTATAAGGAAGGAAAGTATAAGGACTCCTTATCTTTATTTCGAGATTCCACG 600 
M R T Y K E G K Y K D S L S L F R D S T  
601 CCCGAAGAAGACGAGATGATTCAAAAGATGCTCTCCGATACGTATAACGAATTCGTTCAA 660 
P E E D E M I Q K M L S D T Y N  E  F  V  Q  
661 GACGTTGCGAAAGGAAGAAACCAAACCGTGAAGTCGGTTCAAAACTTAGCGGAAGGAAGA 720 
D V A K G R N Q T V K S V Q N L A E G R  
680 ATTTATTCCGGACAAGATGCGTTTAGAAATAAACTCGTGGACGAAATCGGCGGAAGAAAG 780 
l Y S G Q D A F R N K L V D E I G G R K  
781 GAAGCCTTGGAGGAATTGTCCAGACTCTGTCAGTACGACGGAGAAATTCCACTTTATGAA 840 
E A L E E L S R L C Q Y D G E I  P L Y E  
841 GAGGAAGAGTCCCCGTTTGACAGATTGTTTATGATGTTAGGATCCAAGATGAATTCTTTT 900 
E E E S P F D R L F M M L G S K M N S F  
901 TCGAGCGAAAGTVATTTTTTTCAGAGAGTTCAAAAATTCACCGGTACTCGTAATTCTTCCT 960 
S S E R I F F R E F K N S P V L V I L P  
961 CAGGCTATCAGGTAGGGATCTCATTGAAAGATTTATTTAATTCCATATTAGGATTGTTGG 1020 
Q A I R * G S H * K I Y L I P Y *  
1021 AAGCCGCTATTTACGAGCCGATTCGATCGAAATGGCACTTGCGAATCTTTCCGAAAAAAT 1080 
1081 CTGAATTTTTATTCTTGGATCGTATTCATTCCGAGTGCGCTGAGCGTCTCCGCGGCGCAC 1140 
1141 ATT-3' 
Fig. 9. Alignment of derived amino acid sequences using 
the PILEUP routine of GCG program. (1), E. coli 
sppA gene; (2), L. borgpetersenii fpeP gene; and 
(3), H. influenzae lic-1. 
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DISCUSSION 
Leptospira borgpetersenii has at least five PF proteins 
which seemed to be antigenically related to a 31.5-kDa PF 
protein of L. interrogans. Screening of a Xgtll library of L. 
borgpetersenii with MAb 4A9 resulted in the cloning of 4 
different genes. 
A clone expressing the largest fusion protein was 
characterized and named fpeP. Nucleotide sequence analysis of 
fpeP did not show homology to previously described flagellar 
genes. The derived amino acid sequence of FpeP has homology 
with SppA, which is a signal peptidase potentially involved in 
translocation of proteins from the cytoplasm to the 
periplasmic space in E. coli (11). The relationship of a 
signal peptidase with PF structure or PF assembly is still 
unclear. However, the spirochetal PF sheath and bacterial 
flagellar basal body proteins require a signal peptide for 
translocation (10, 12, 15). Mature forms of these proteins 
are subjected to signal-peptide cleavage possibly by signal 
peptidase (10, 12, 15). 
Also amino acid sequences derived from both genes, fpeP 
and sppA, showed homolgy to an unidentified open reading frame 
close to H. influenzae lic-1. The locus is involved in H. 
influenzae lipopolysaccharide (LPS) phase variation (31). 
Homology of SppA and FpeP to this putative H. influenzae 
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protein encoded next to lic-1 locus suggest there may be some 
functional relationship among the three proteins. Some of the 
enzymes involved in E. coli LPS synthesis may be located in 
the periplasmic space of the periplamic side of the 
cytoplasmic membrane (21). It is likely that SppA, FpeP, and 
the putative protein of the lic-1 locus are signal peptidases 
involved in translocation of proteins to the periplasmic 
space. 
Southern blot analysis of pulsed-field gel 
electrophoresis separated L. borgpetersenii DNA was used to 
locate the 4 groups of cloned genes. Two genes, XFl and XF15, 
are located less than 110 kb apart in the L. borgpetersenii 
chromosome. Additionally, XF4 was located close to an L. 
borgpetersenii PF core protein gene (flaB) previously 
described by Mitchelson, et al. (20). Flagellar and 
chemotactic genes are often clustered in bacterial chromosomes 
(2, 7, 9). Such a gene clustering is seen in the spirochete 
Treponema pallidum (2). Some bacteria have flagellar genes in 
two clusters which are not closely linked to each other in the 
chromosome (24) . Also, genes that are typically linked in 
other bacteria have been found not to be linked in Leptospira 
(35) . 
At least 40 genes are involved in the expression and 
assembly of simple flagella (17). Due to the structural 
complexity of leptospiral PF, it is reasonable to speculate 
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that there are many more genes involved in PF assembly than 
there are in the case of simple flagella. Recently a novel 
class of PF sheath proteins was described in Serpulina 
hyodysenteriae which does not share homology with any other 
previously described flagellar proteins (15). The results of 
this research may help to identify some of these proteins 
which apparently co-purify with PF and have a common motif 
recognized by MAb 4A9. Although it was not possible to 
identify the function of fpeP, the resemblance of a putative 
promoter to promoters of other eubacterial flagellar and 
chemotactic. genes may suggest some relationship of the gene 
described here and leptospiral PF genes (2, 9). It is likely 
that once the four different genes are fully sequenced, the 
nature of these genes may be understood. 
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GENERAL DISCUSSION 
Evidence for complex PF in Leptospira was provided 
previously, however some discrepancy about whether these 
observations were artifacts or real structures remained. The 
present dissertation confirms the complexity of leptospiral 
PF. 
The PF core was 11.3 nm in diameter, while sheathed PF 
were 21.5 nm in diameter. A second sheath appeared to 
disassociate from the rest of the PF soon after the cells were 
disrupted. 
Based on the correlation existing between protein 
concentration and 2D PAGE spot-size (66), the three most 
abundant L. interrogans PF proteins were characterized 
(Appendix A Fig. A2 and A3). Two of these proteins, a 34- and 
35.5-kDa, were localized to the core of the flagella. Amino 
terminal sequences of the 34- and 35.5-kDa proteins were 
homologous to those of proteins found in other spirochetal PF 
cores. Spirochetal flagellar core proteins which exhibit 
homology to eubacterial flagellins have been designated class 
B PF (FlaB) proteins. Accordingly, I propose to assign the 
name FlaBl to the 34-kDa PF protein (the most abundant), and 
FlaB2 to the 35.5-kDa PF protein. 
Another major PF protein was the 3 6-kDa protein 
(Appendix A Fig. A3). This protein forms the PF sheath (21.5-
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nm-diameter filament). Among spirochetal PF sheath proteins 
there is some amino acid sequence homology. These proteins 
are named PF class A proteins (FlaA). It is not known yet 
whether the 36-kDa PF protein belongs to such a class. 
A 31.5-kDa protein was observed in all PF extracts. The 
location of this protein on the leptospiral PF was not 
determined. MAbs which reacted with the L. interrogans 31.5-
kDa PF protein (MAb 4A9), reacted with five PF L. 
borgpetersenii PF proteins including the 31.5-kDa protein. 
Four different genes whose products reacted with the MAb 
4A9 were obtained. Nucleotide sequence and DNA-derived amino 
acid sequences were analyzed for homology to other flagellar 
genes. No significant homology to any known flagellar gene 
was observed. 
The complete open reading frame of one of the genes 
(fpeP) was characterized. This gene showed significant 
homology to the gene coding for a signal peptidase of E. coli, 
sppA and to a gene in the H. influenzae lic-1 locus. 
Analysis of PF genes and construction of isogenic 
mutants will make it possible to understand the role of PF 
components in PF assembly and PF function, as well as the 
potential role of motility in pathogenesis. For instance, 
deletion of the sheath gene may indicate the role of the PF 
sheath in leptospiral motility. Also, deletion of the PF 
sheath or one of the major core proteins may produce a non-
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motile leptospire which could be used to study the role of 
motility in leptospiral membrane penetration, evasion of 
immune response, etc. 
Amino acid sequences of the leptospiral PF core 
proteins can be used to derive PF gene degenerate 
oligonucleotides. These oligonucleotides may allow the 
identification of clones carrying PF genes or PGR 
amplification of the PF genes. 
The identification of bacterial proteins is important 
for future development of more efficient vaccines with fewer 
side effects (27) . Although antibodies against PF may not be 
protective against leptospiral infection (19, 21), peptides 
derived from antigen processing of PF may stimulate T cells. 
Cellular and humoral immune responses require the assistance 
of helper T cells (11, 24). 
One of the factors that has prevented leptospiral PF 
from being studied as an immunogen is the difficulty of 
purifying PF in sufficient amounts. During the course of this 
research, a simple and efficient protocol for PF extraction 
and purification was developed. The development of polyclonal 
and monoclonal antibodies against some of the PF proteins, and 
2D PAGE techniques used made it possible to isolate and 
identify single proteins. The electrophoretic parameters 
described in this manuscript may be used in the future for 
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immunological or biochemical studies of individual PF 
proteins. 
2D PAGE proved to be an excellent way to isolate 
multiple proteins in Leptospira. Identification of PF and 
other leptospiral proteins by 2D PAGE may allow the 
construction of a protein data-base. Changes in the protein 
pattern may identify mutant proteins, regulation of protein 
expression, protein modification, etc. 
The great diversity and adaptability of bacterial 
families is the result of multiple factors. Naturally 
occurring mutations combined with the rapid generation time of 
bacteria and mobilization of transposable elements allows a 
constant supply of better adapted individuals. The bacterial 
variation potential is increased by the existence of 
sophisticated methods of DNA exchange such as transduction, 
transformation and conjugation. Consequences of such 
adaptability are the constantly growing group of multi-drug-
resistant bacteria and the appearance of new diseases caused 
by well known bacteria. The understanding of bacterial 
physiology and genetics will provide a variety of alternatives 
to combat bacterial infections. 
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Table Al. Amino acid Composition of the 36 kDa PF sheath 
protein. 
Amino acid Amount (ng) 
Aspartate/Asparagine 32 
Glutamate/Glutamine 36 
Serine 24 
Glycine 29 
Arginine 13 
Threonine 19 
Alanine 45 
Proline 11 
Tyrosine 14 
Valine 25 
Methionine 4 
Isoleucine 21 
Leucine 29 
Phenylalanine 16 
Lysine 42 
Cystein *ND 
Tryptophane *ND 
*ND : Not determined. 
Fig. A2. Comparison of L. interrogans PF purification 
procédures. (A) SDS-PAGE of purified PF; Lanes: 
1, PF purified using Triton X-114 partitioning; 
2, PF purified by 32% CsCl gradient; and 3, PF 
purified by combination of Triton X-114 
partitioning and 32% CsCl gradient. (B) 
Immunoblot analysis of purified PF probed with 
MAb 4A9; Lanes: 1, PF purified using Triton X-
114 partitioning; 2, PF purified by 32% CsCl 
gradient; and 3, PF purified by combination of 
Triton X-114 partitioning and 32% CsCl 
gradient. 
A  B  
1 2  3  1 2  
3 1 . 5  k D a -
Fig. A3. Separation of L. interrogans whole-cell 
proteins by 2D PAGE. Lanes: 1, 3 6-kDa PF 
sheath protein; 2, 35.5-kDa PF core protein; 3, 
34-kDa PF core protein; and 4, 31.5-kDa PF-
associated protein. 
pH 
I 4.6 I 5.3 I 5.8 I 6.0 I 6.3 I 6.5 I 6.6 I 7.0 
CA 
8 
T7=SS + 
«»-# 
43-1 
29 
18.4—/ i 
14.3 
Fig. A4. Separation of L. interrogans whole-cell 
proteins by nonequilibrium pH gel 
electrophoresis (NEPHEGE). (A) 2 hour run. 
(B) 4 hour run. Lane 1, 36-kDa PF sheath 
protein and lane 2, 31.5-kDa PF protein. 
Resolution of the PF sheath protein was poor in 
2D PAGE (Fig. A2), therefore NEPHEGE was 
carried out. The PF sheath protein was clearly 
resolved at 4 h (Fig. A3), N-terminal 
sequencing was unsuccessful because of N-
terminal blockage. Amino acid composition of 
PF sheath protein was obtained and is shown in 
Fig. A4. 

140 
GAATTCCCACATTCAGAGGTGATGACAGTGTCGCGGCAAGCCGTCTTACAGAAGACGGTT 
CTTAAGGGTGTAAGTCTCCACTACTGTCACAGCGCCGTTCGGCAGAATGTCTTCTGCCAA 
E F P H S E V M T V S R Q A V L Q K T V  
TTGAGCAAGTTCTAAATAAAGTTTCAGAACAAACTCTTAGGCGGGATGTAAGATCCGATC 
61 ——h—— ————— 1 1— 1— h 120 
AACTCGTTCAAGATTTATTTCAAAGTCTTGTTTGAGAATCCGCCCTACATTCTAGGCTAG 
L S K F * I K F Q N K L L G G M * D P I  
TCAAAACCTGAAGAAAAATATCTCTAGACGATCCAGCAAGTTTTTAAAAAACGTGAGAGT 
121 + + + + + + 180 
AGTTTTGGACTTCTTTTTATAGAGATCTGCTAGGTCGTTCAAAAATTTTTTGCACTCTCA 
S K P E E K Y L * T I Q Q V F K K R E S  
TTCCACAGAAACCGTCGCATTGGCGGTTTTCTCTCGTCGTTTAAAATTGTAATACCCCTA 
181 + + + + + + 240 
AAGGTGTCTTTGGCAGCGTAACCGCCAAAAGAGAGCAGCAAATTTTAACATTATGGGGAT 
F H R N R R I G G F L S S F K I V I P L  
CATTCCTAAGGTTTTGAGACCGGTCTAAGTTAAAATAAAGTTGGCACTAACTAGTCTCAA 
241 + + + + + + 300 
GTAAGGATTCCAAAACTCTGGCCAGATTCAATTTTATTTCAACCGTGATTGATCAGAGTT 
H S * G F E T G L S * N K V G T N * S Q  
GAGTAATGTTTTCT 
301 ~ 314 
CTCATTACAAAAGA 
E * C F 
Fig. A5. Nucleotide and deduced amino acid sequence of XFl. 
(*) indicates stop codon. 
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GAATTCGGGGATTTTAGAGCCGGTTCAAAAACTTTTGGATGGGAGTTTACTCGGGATTTT 
1 ^ I H f t k 60 
CTTAAGCCCCTAAAATCTCGGCCAAGTTTTTGAAAACCTACCCTCAAATGAGCCCTAAAA 
E F G D F R A G S K T F G W E F T R D F  
GTTCTTTTCCATTGGACAAATCGCCCTCCCAGAAACATAAACAAACTA7VAATCTAAAATC 
61 + + + + + + 120 
CAAGAAAAGGTAACCTGTTTAGCGGGAGGGTCTTTGTATTTGTTTGATTTTAGATTTTAG 
V L F H W T N R P P R N I N K L K S K I  
TATAAAAACAACATGGTTTTGGAAGATAAAATCATATCCGAAGTGATGGACAGAGGACCA 
121 + + + + + + 180 
ATATTTTTGTTGTACCAAAACCTTCTATTTTAGTATAGGCTTCACTACCTGTCTCCTGGT 
Y K N N M V L E D K I I S E V M D R G P  
AATACTCAACCTTCTCACAACGATAAATTTGAAATTTTCTTTCAAAAAGACGGATATCCT 
181 240 
TTATGAGTTGGAAGAGTGTTGCTATTTAAACTTTAAAAGAAAGTTTTTCTGCCTATAGGA 
N T Q P S H N D K F E I F F Q K D G Ï P  
GAATACGGTCGTCCTGAAACTCCGTCCGAAAAAGGTGTAGGTAAATACATCTTGCAGGCG 
241 + + + + + + 300 
CTTATGCCAGCAGGACTTTGAGGCAGGCTTTTTCCACATCCATTTATGTAGAACGTCCGC 
E Y G R P E T P S E K G V G K Y I L Q A  
TTGAGAATACAAAAACTCAAACCCTATCCGGAACTCTTTCAAAAAAGAATTCC 
301 + + + + + 353 
AACTCTTATGTTTTTGAGTTTGGGATAGGCCTTGAGAAAGTTTTTTCTTAAGG 
L R I Q K L K P Y P E L F Q K R I  
Fig. A6. Nucleotide and derived amino acid sequence of XF4. 
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GAATTCTCCGTTGCAGCCAACCTTCCGGAGAAATTCCGGAACTTTCCAACATACCTCCTC 
CTTAAGAGGCAACGTCGGTTGGAAGGCCTCTTTAAGGCCTTGAAAGGTTGTATGGAGGAG 
E F S V A A N L P E K F R N F P T Y L L  
TCGTATCTAAACAAGATTCCGTTCGAATCAACGTTTCCGGAATCGTGGAAGACGAACACA 
61 ———————I 1———————I—— ———4 ———h 120 
AGCATAGATTTGTTCTAAGGCAAGCTTAGTTGCAAAGGCCTTAGCACCTTCTGCTTGTGT 
S Y L N K I P F E S T F P E S W K T N T  
TCGTTTCTGGAAATCCTGGACCGTTTCTCCAAGTCTCTCGTTTGCAGAAAATTAGAATTC 
121 + + + + + + 180 
AGCAAAGACCTTTAGGACCTGGCAAAGAGGTTCAGAGAGCAAACGTCTTTTAATCTTAAG 
S F L E I L D R F S K S L V C R K L E F  
A7. Nucleotide and amino acid sequence of XF8. 
1 
2 
3 
4 
1 
2 
3 
4 
1 
2 
3 
4 
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1 50 
.EFSVAANLP E..K.F.RNF .PTYLL 
.EF...GDFR AGSKTFGWEF TRDFVLFHWT NRPPRNINKL .KSKI...YK 
EF VQ DVAK..GRN. .QTVKSVQNL AEGRI...YS 
.EFP.HSEVM TVSR .QAV..LQKT VLSKF*IKFQ 
51 100 
NKI P F...E.S... TFPE..SWKT F...LEIL.. 
NNM V L...EDK... IISEVMDRGP HNDKFEIFFQ 
GQD......A F...RNK... LVDEIGGRKE 
NKLLGGM*DP ISKPEEKYL* TIQQVFKKRE SFHRNRRIGG FLSSFKIV.. 
101 147 
.DR.F..... .... S.KS.. ......LVCR KL......E. , F 
KDG.yPEYGR PETPSEKGVG KYILQALRIQ KL..KPYPE. .LFQKRI 
YDGEIPLYEE EESPFDR... ...LFMMLGS 
IPLHS* G...FETG.. KVGTN*SQE* 
A8. Alignment of amino acid sequences using the PILEUP 
routine of the GCG program. XF8, (1); XF4, (2); 
XF15, (3); and XFl, (4). 
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PROTOCOLS 
Shadow Casting Procedure 
Bacterial cells were harvested from a 10 ml culture, 
washed once with 0.01 M phosphate buffered saline (pH 7.2) 
(PBS) and resuspended in a 2% solution of osmic acid in PBS 
and incubated for 5 h at 4°C (2). Cells were washed 3 times 
with the original volume of PBS. Parlodion-coated copper 
grids were floated on top of a 5 fil drop of fixed cells and 
were incubated for 5 min at 20°C (2). The excess fluid was 
blotted and grids were allowed to air dry. Grids were 
shadowed with chromium and examined in a Philips 410 electron 
microscope. 
Procedure for Negative Staining 
Bacterial cells from a 10 ml culture were harvested and 
washed with PBS. Cells were disrupted in 5 ml of a 1% 
solution of Triton X-114, incubated for 3 0 min on ice, and 
washed twice with PBS. 
Cells also were disrupted by cold osmotic shock (37). A 
500 ml of logarithmic phase culture of RZll was washed twice 
as before and resuspended in 10 ml of a 30% sucrose, 0.03 M 
Tris, (pH 8) at 24°C for 10 min. The suspension was treated 
with 0.003 M EDTA and shaken slowly on ice for 10 min. 
Spheroplasts were harvested by centrifugation at 13,000 x g. 
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Disrupted cells and purified PF were placed on 
parlodion-coated copper grids, negatively stained with 3% 
ammonium molybdate (pH 7.5) for 10 sec (5), and examined in 
the electron microscope. The diameter of PF structures was 
determined by computer image analysis and by direct 
measurement of structures on electron-micrographs. Standards 
for these measurements were 5-nm-diameter gold particles 
(Biocell Research Ltd., Cardiff, United Kingdom). 
Molecular Mass Analysis 
Protein molecular masses were determined by SDS-PAGE 
electrophoresis in Tris-Tricine-buffered gels (31). Resolving 
gels (10% acrylamide) were prepared by mixing 6.1 ml of a 
49.5% acrylamide-3% bis-acrylamide solution, 10 ml of a 3 M 
Tris (pH 8.45), 184 /il of a 10% solution of SDS, 4 ml of 
glycerol, 9.75 ml of distilled water, 150 /il of a 10% solution 
of ammonium persulfate, and 30 jul of TEMED. The solution was 
mixed and poured immediately. The stacking gel contained 1 ml 
of the acrylamide/bis-acrylamide solution, 3 ml of the 3 M 
Tris (pH 8.45), 80 ^ il of 10% SDS, 8.4 ml Of distilled water, 
100 /il of the 10% ammonium persulfate solution, and 10 /il of 
TEMED. The stacking gel was mixed and poured on top of the 
resolving gel. Gel formation was allowed to occur for 2-6 h. 
Gels were run over night at 15 mA, and 70-100 mA for 3-5 h. 
Molecular weight standards were purchased from GIBCO-BRL, Life 
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Technologies, Inc. (Gaithersburg, MD). Samples were denatured 
in a 4% SDS, 12% glycerol, 50 Mm Tris (pH 8,45), 2% 2-
mercaptoethanol and 0.005% Bromophenol blue buffer for 5 min 
at 100°C. 
Two Dimensional Gel Electrophoresis (2D PAGE) 
Iso-electric focusing was performed in the first 
dimension using 1.8% ampholytes pH 5-7 and 0.2% ampholytes pH 
3-10 (25). The isoelectric focusing gels were prepared by 
dissolving 48.6 g of urea in 28.8 ml of double distilled 
water, 11.8 ml of a 30% acrylamide/bis-acrylamide solution, 
20.3 ml Triton X-100, 4.5 ml of Bio-Lyte 5/7 (Bio Rad 
Laboratories, Hercules, CA), 0.5 ml of Bio-Lyte 3/10 (Bio Rad 
Laboratories, Hercules, CA). This solution was divided in 5.5 
ml aliquots and stored at -80°C. Gel solution was degased for 
5 min, mixed with 5.5 /il of TEMED, and 7.25 /il of a 10% 
solution of ammonium persulfate. The mixture was poured into 
15 cm X 1.5 mm glass cylinders to 3 cm from the top, and 
allowed to gel for 1 h. 
Approximately 500 /ig of protein sample was treated with 
5 /ig of DNAse for 5 min on ice. Urea was added to the protein 
sample to 9 M, dissolved, and mixed with 0.2 volumes of a 
buffer containing 2% SDS, 4% Bio-Lyte 3/10, 36% Bio-Lyte 5/7, 
2.8 M 2-Mercaptoethanol, and 40% Triton X-100 were added. 
Each tube received approximately 50 /ig of denatured protein 
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and overlaid with solution containing 2% Triton X-100, 4.5% 
Bio-Lyte 5/7, 0.5% Bio-Lyte 3/10. 
Tubes were placed on a Model 175 Tube Cell unit (Bio Rad 
Laboratories, Hercules, CA). Cathode buffer was 0.02 M sodium 
hydroxide and anode buffer was 0.01 M phosphoric acid. Gels 
were run at 400 V for 15 h and 800 V for 2 h (constant 
voltage). Non-equilibrium pH gel electrophoresis (NEPHEGE) 
was carried out by shifting position of the buffers (0.02 M 
NaOH in the lower reservoir and 0.01 M phosphoric acid in the 
upper reservoir) and inverting polarities of the 
isoelectrofocusing apparatus. Gels were run at 400 V for 2 
to 4 h (26). 
Gel cylinders were extruded, and equilibrated with SDS-
PAGE sample buffer, placed on top of a Tris-Tricine-buffered 
SDS-PAGE gels (31). Estimation of the pH in isoelectric 
focusing gels was carried out by running samples in duplicate, 
one of the gels was subjected tô SDS-PAGE, the other was cut 
in 1 mm segments which were homogenized in individual tubes 
containing double distilled water, and the pH was measured. 
Monoclonal Antibodies (MAb) 
BALB/c mice were immunized two times intraperitoneally 
and once intravenously with 50 of purified PF emulsified in 
Ribi adjuvant (Ribi Immunochem Research Inc., Hamilton, MT) as 
described (36). Hybridoma preparation and culture was carried 
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out by National Veterinary Services Laboratories, APHIS, USDA, 
Ames, lA. 
Antibody production of hybridoma cultures was analyzed 
using an enzyme immunoassay (35) with the PF extract as 
antigen. Immulon I plates (Dynatech Laboratories Inc., 
Alexandria, VA) were coated with 250 /xl a solution containing 
0.02 fig/ml of purified PF in a 0.05 carbonate-bicarbonate 
buffer (pH 9.6) for 18 h at 4°C. Wells were aspirated and 
blocked with a 2% solution of bovine serum albumin in PBS for 
1 h. Blocking solution was removed and 200 /Ltl of cell culture 
supernatant was placed and incubated for 2 h at 37°C. Wells 
were aspirated and washed 4 times with a 1% Tween in PBS 
solution and allowed to react with 250 jul of 1:1000 solution 
of peroxidase-labeled goat anti-mouse IgA, IgG, IgM 
(Kirkegaard and Perry Laboratories Inc., Gaithersburg, MD) for 
90 min at 37°C. After washing as previously described, wells 
received 200 /Ltl of substrate solution and were incubated for 
15 min at 37°C. Substrate solution was prepared by adding 100 
/il of a 1.83% solution of peroxide, and 100 /il of ABTS 
(National Veterinary Service Laboratories, USDA, lA) to a 
0.96% solution of citric acid (pH 4). Plates were read using 
a Dynatech 3900 ELISA reader at 490 nm wave-length. 
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Polyclonal Antisera 
Purified PF extract (500 /xg) was denatured as before and 
loaded on top of a preparative SDS polyacrylamide gel. After 
running, the gels were stained for 30 min in 0.1% R-250 
Coomassie blue, 40% methanol, 10% acetic acid solution. Gels 
were destained briefly with a 40% methanol, 10% acetic acid 
solution (20). The 35.5- to 3 6-kDa protein band was cut and 
placed in 1 ml of PBS, two bands of 34- and 34.5-kDa were cut 
together and placed in 1 ml PBS. Gels were crushed using a 
tissue grinder and mixed with 1 ml of Freund's incomplete 
adjuvant. New Zealand White rabbits were immunized 
subcutaneously 2 times, 2 weeks apart. Serum was obtained 
prior to immunization and 1 week after the second 
immunization. Polyclonal antisera to the 33-kDa T. phagedenis 
PF (20, 24) core protein was provided by Nyles Charon. 
Polyclonal antisera to T. pallidum PF was provided by David 
Haake. 
